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Abstract

Indole-3-butyric acid (IBA) is an endogenous storage auxin important for maintaining appropriate indole-3-acetic acid
(IAA) levels, thereby influencingprimary root elongation and lateral root development. IBA is metabolized into free IAA in
peroxisomes in a multistep process similar to fatty acid B-oxidation. We identified LONG CHAIN ACYL-COA SYNTHETASE
4 (LACS4) in a screen for enhanced IBA resistance in primary root elongation in Arabidopsis thaliana. LACSs activate
substrates by catalyzing the addition of CoA, the necessary first step for fatty acids to participate in -oxidation or other
metabolic pathways. Here, we describe the novel role of LACS4 in hormone metabolism and postulate that LACS4 catalyzes
the addition of CoA onto IBA, the first step in its B-oxidation. lacs4 is resistant to the effects of IBA in primary root elonga-
tion and dark-grown hypocotyl elongation, and has reduced lateral root density. lacs6 also is resistant to IBA, although
both lacs4 and lacs6 remain sensitive to IAA in primary root elongation, demonstrating that auxin responses are intact.
LACS4 has in vitro enzymatic activity on IBA, but not IAA or IAA conjugates, and disruption of LACS4 activity reduces
the amount of IBA-derived IAA in planta. We conclude that, in addition to activity on fatty acids, LACS4 and LACS6
also catalyze the addition of CoA onto IBA, the first step in IBA metabolism and a necessary step in generating
IBA-derived IAA.

Introduction back to IAA with a single hydrolysis reaction (Korasick et al,,

Auxin controls plant cell elongation, division, and differentia-  2013). IBA is structurally similar to IAA but the side chain is

tion and is, therefore, crucial for development throughout
the life span of a plant. Because of its diverse and extensive
effects, proper levels of indole-3-acetic acid (IAA), the pri-
mary signaling auxin, are tightly controlled through synthe-
sis, degradation, transport, and sequestration (Korasick et al,
2013). Auxin can be sequestered in inactive forms by conju-
gation to amino acids or side chain elongation to form
indole-3-butyric acid (IBA). IAA conjugates are converted

two carbons longer; IBA is metabolized to IAA in the peroxi-
some in a multistep process (Hu et al, 2012). These unique
input pathways vary between individual cells, organs, and
developmental stages but all function to ensure proper lev-
els of this crucial hormone.

IBA-derived auxin influences cotyledon expansion, apical
hook formation, and several aspects of root architecture, in-
cluding primary root elongation, lateral root development,
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root hair elongation, and adventitious root development
(Korasick et al, 2013; Frick and Strader, 2018). Evidence sug-
gests that IBA to IAA metabolism in the root tip is the pri-
mary source of auxin to initiate lateral root development
(De Rybel et al, 2012; Xuan et al, 2015) and reinforces the
auxin gradient to elongate lateral roots (Strader and Bartel,
2011). Recent evidence suggests IBA B-oxidation is required
for root hair elongation under low-phosphate conditions,
connecting IBA effects to changing environmental condi-
tions (Trujillo-Hernandez et al., 2020). Such developmental
roles are hypothesized to be due to the actions of IBA-
derived 1AA instead of direct effects of IBA. Analysis of IBA-
response (ibr) mutants suggests IBA is B-oxidized into 1AA
in a stepwise process paralleling fatty acid B-oxidation, the
process in which two carbons are removed from fatty acids
(Hu et al,, 2012).

In plants, the peroxisome is the sole location of fatty acid
[-oxidation. Peroxisomes house enzymes for three crucial -
oxidation pathways: fatty acid B-oxidation, jasmonic acid
(JA) synthesis, and IBA conversion to IAA (Hu et al, 2012
Kao et al, 2018). Peroxisomes must actively import neces-
sary enzymes and substrates required for these pathways.
Substrates for B-oxidation are imported into peroxisomes
through PEROXISOMAL ABC TRANSPORTER PXA1/PED3/
CTS (Zolman et al, 20071; Hayashi et al, 2002). These mole-
cules are broken down into two carbons per cycle.

Following fatty acid import, fatty acid B-oxidation begins
with CoA addition by acyl-CoA synthetases LACS6 and
LACS7 (Fulda, 2004). CoA addition is necessary to activate
the fatty acid for recognition before metabolism proceeds.
Fatty acyl-CoA esters are oxidized by acyl-CoA oxidases,
hydrated and then dehydrogenated by the multifunctional
proteins ABNORMAL INFLORESCENCE MERISTEM 1
(AIM1) and MULTIFUNCTIONAL PROTEIN 2 (MFP2),
and cleaved by the 3-ketoacyl-CoA thiolases KAT2/PED1
and KAT5 to release acetyl-CoA and a shortened fatty
acid (Graham, 2008; Hu et al,, 2012). This process can be
repeated as needed. For instance, very long-chain fatty
acids, as found in seed storage lipids, enter the pathway
multiple times to release many molecules of acetyl CoA.
Acetyl-CoA can then enter the citric acid cycle to ulti-
mately be oxidized for energy production (Hu et al., 2012).
Peroxisomes are, therefore, crucial for early development
and seedling establishment because plants rely on the
energy produced by the breakdown of fatty acids stored as
triacylglycerol before they are photosynthetically active
(Graham, 2008). Plants with severe defects in fatty acid
[-oxidation are compromised in their ability to generate
the energy necessary for germination and growth for early
seedling establishment. Defects in fatty acid B-oxidation
can be exposed by examining growth on media without
sucrose, which requires metabolism of seed storage lipids.
Addition of sucrose to the media bypasses this require-
ment, allowing development to proceed. Mutants that re-
quire exogenous sucrose for normal growth are designated
as sucrose dependent.
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In a similar process, JA is the product of three rounds of
B-oxidation of 12-oxo-phytodienoic acid, by the actions of
ACX1, ACX5, AIM1, and PED1/KAT2 (Hu et al, 2012
Wasternack and Hause, 2013). The role of peroxisomes in JA
synthesis makes them important for JA effects including fer-
tility and response to abiotic and biotic stressors
(Wasternack and Hause, 2013).

Peroxisomes also contribute to the pool of free IAA by
B-oxidizing IBA. IBA is hypothesized to undergo one round
of B-oxidation to remove the two-carbon elongation, pro-
ducing IAA. Forward genetic screens have revealed proteins
that are acting in IBA metabolism. ibr3, ibr10, and ibr1 were
identified in Arabidopsis thaliana as resistant to the inhibi-
tory effects of IBA on root elongation. The predicted protein
functions of these peroxisomal enzymes suggest that the
process of IBA B-oxidation is mechanistically related to fatty
acid metabolism, with the action of IBR3, a predicted oxi-
dase, IBR10, a predicted hydratase, and IBR1, a predicted de-
hydrogenase, to release IAA (Zolman et al, 2007, 2008).
IBR3, IBR10, and IBR1 appear specific to IBA metabolism as
mutants do not have phenotypes associated with defects in
fatty acid B-oxidation, JA synthesis, or peroxisomal import
(Zolman et al., 2007, 2008). Mutations to known [-oxidation
enzymes, including aim1 and ped1, have IBA-response phe-
notypes as well (Hayashi et al, 1998; Zolman et al, 2000);
these phenotypes could indicate redundant enzymatic activ-
ity, with multiple enzymes acting on IBA at each step, or en-
zyme activity on multiple substrates affecting both
pathways. Alternatively, IBA-resistant responses in the
mutants dcx1, acx3, chyl, and ech2 suggest that indirect
mechanisms, such as CoA limitations (Adham et al, 2005)
or accumulation of toxic intermediates (Zolman, Monroe-
Augustus, et al, 2007; Li et al, 2019), also influence peroxi-
somal metabolic pathways.

IBA metabolism requires that the peroxisome must ac-
tively import functional proteins, substrates, and cofactors
necessary for the contained metabolic processes (Hu et al,
2012; Kao et al,, 2018). Enzymes destined for the peroxisome
matrix typically contain one of two peroxisome targeting
signals (PTSs): PTS1, a C-terminal tripeptide with the con-
sensus amino acids [S][RK][LM], or PTS2, a R[LI]XsHL near
the N-terminus (Reumann, 2004; Lanyon-Hogg et al,, 2010).
IBA-resistant phenotypes can be caused by mutations spe-
cific to IBA metabolism, such as defects in IBA-specific
enzymes or by disrupting function of the organelle as a
whole. For instance, mutations in PEX5 and PEX7, receptors
required for import of enzymes into the peroxisome matrix
(Zolman et al, 2000; Woodward and Bartel, 2005; Khan and
Zolman, 2010) and the PXA1/CTS/PED3 (Zolman et al,
2001) peroxisomal substrate transporter each disrupt IBA
responses.

Although many components specific to IBA metabolism
and peroxisome function have been identified, our under-
standing is incomplete. For instance, the CoA synthetase ini-
tiating IBA B-oxidation and a peroxisomal IAA efflux carrier
have not been identified (Hu et al, 2012; Damodaran and
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Strader, 2019). We sought to identify additional components
of IBA metabolism by continuing the forward genetic screen
for IBA-resistant plants. In this study, we describe our identi-
fication of long-chain CoA synthetase 4 (LACS4) from an en-
hancer screen using an ibr3 mutant background. The
mutant phenotypes and enzymatic activity of LACS4 suggest
that it functions as the initial step in IBA metabolism, charg-
ing IBA with CoA allowing entry into the B-oxidation pro-
cess. This discovery completes the enzymatic components
that metabolize IBA to IAA.

Results

Isolation of mutants with enhanced IBA resistance
We conducted a screen to identify Arabidopsis mutants
with altered responses to IBA in root development. To in-
crease our chances of finding novel components, an en-
hancer screen was performed. ibr3 is resistant to both the
inhibition of IBA on root elongation and the stimulatory ef-
fect of IBA on lateral root initiation (Zolman et al, 2007).
ibr3 was chosen as the background because it displays
weaker IBA resistance than other ibr mutants (Zolman
et al, 2008), facilitating the potential to capture a range of
enhancement phenotypes.

ibr3-1 seeds were treated with ethylmethane sulfonate
(EMS) to induce point mutations. Mutagenized populations
were screened for seedlings exhibiting enhanced resistance
to IBA in root length. This phenotype parallels the original
screen (Zolman et al. 2000) and is facile relative to lateral
root or root hair phenotypes. We hypothesized we could
identify factors involved in the function or regulation of
IBR3, the conversion of IBA to IAA, and/or general peroxi-
some function in Arabidopsis.

Z377 is defective in several IBA responses
Exogenous IBA inhibits root elongation of wild-type (Wt)
plants and ibr3-1 at higher concentrations. One enhancer
mutant, Z377 ibr3-1, was selected for further characterization
based on its increased resistance to IBA in root elongation
(Figure 1A). Wild-type plants grown on 20 uM IBA have a
primary root length <20% of that when grown without
hormone supplementation (Figure 1, A and B). ibr3-1 is dou-
ble that with a primary root length of 40% the root length
without hormone. In stark contrast, Z377 ibr3-1 retains a
root length of >80% on the same IBA concentration.
Following its confirmation as an ibr3 enhancer in root
elongation, Z377 ibr3-1 was examined for defects in lateral
root initiation. IBA is effective at inducing lateral rooting a
wild-type plant will develop branched root architecture
when grown in the presence of IBA compared to an elon-
gated, less branched root in the absence of hormone
(Zolman et al, 2000). Decreased induction of secondary
roots is a prominent phenotype in many IBA-resistant
mutants, including ibr3-1 (Zolman et al., 2000, 2007). Lateral
root development can be quantified by counting the num-
ber of lateral roots that develop per millimeter along the
primary root. Z377 ibr3-1 is defective in lateral root initiation
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when stimulated with IBA, resembling wild-type grown in
the absence of hormone (Figure 1C). This phenotype is simi-
lar to the ibr3-1 parent line.

IBA has prominent effects on root development but also
affects shoot development (Strader et al, 2011; Frick and
Strader, 2018). To determine if the IBA-response defects of
Z377 ibr3-1 are specific to roots or affected throughout the
plant, hypocotyl elongation was measured as an indicator.
Wild-type plants have reduced hypocotyl length when
grown on IBA than media without hormone (Figure 1D).
The enhanced resistance of Z377 ibr3-1 to IBA extends to
dark-grown hypocotyl elongation, indicating the IBA-
response defects are not limited to specific tissues.

To understand the mutation leading to these enhanced
responses, the Z377 single mutant was separated from
ibr3-1 following a backcross to wild-type. F, progeny were
characterized at a genotypic and phenotypic level. IBA-
resistant individuals were selected, then tested to deter-
mine their genotype at the IBR3 locus. A subset of lines
was identified that showed elongated roots on IBA but a
wild-type IBR3 genotype. These lines were hypothesized to
represent the effects of the Z377 mutation alone. These
mutants had IBA resistance in root elongation assays inter-
mediate between wild-type seedlings and the Z377 ibr3-1
enhancer and were comparable to the single ibr3 muta-
tion (Figure 1, A and B). Surprisingly, Z377 remained sensi-
tive to IBA-induced lateral rooting (Figure 1C). Z377
develops a similar mean number of lateral roots to wild-
type, with somewhat reduced lateral root density because
of its longer primary root. This phenotype is distinct from
ibr3, which has statistically similar lateral root density
when grown with or without IBA (Figure 1C), and other
ibr mutants (Zolman et al, 2008). Additional backcrosses
revealed that the Z377 mutation segregates in a recessive
manner.

Z377 phenotypes are specific to IBA

To further understand the range of Z377-related phenotypes,
we tested other common responses related to IBA metabo-
lism using the single mutant and enhancer line. First, Z377
and Z377 ibr3-1 were tested for responses to IAA to deter-
mine if these mutants had IBA-specific defects or a general-
ized resistance to auxin. Z377 and Z377 ibr3-1 remained
sensitive to inhibition of primary root elongation by IAA
(Figure 1E).

Enzymatic components of the IBA metabolic pathway dis-
covered to date are contained within the peroxisome and
several mutants with fatty acid P-oxidation defects also
have IBA-resistant phenotypes (Hayashi et al, 1998; Zolman
et al, 2000; Adham et al,, 2005). To examine if Z377 is in-
volved in fatty acid B-oxidation or peroxisomal functions,
Z377 was tested for sucrose-dependent growth. Both Z377
and Z377 ibr3-1 have comparable elongation of dark-grown
hypocotyls in media lacking or containing sucrose
(Figure 1F).

These initial experiments suggest that the causative muta-
tion in Z377 specifically disrupts IBA metabolism, but not
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Figure 1 Z377 has phenotypes specific to disruptions in IBA metabolism. (A) Primary root elongation of 7-d-old seedlings grown on increasing
concentrations of IBA (sg, n >10). (B) Images of 7-d-old seedlings grown on 20 M IBA. Scale bar = 5mm. (C) Lateral root density of 8-d-old
seedlings was quantified by dividing the number of lateral roots by the primary root length. Statistical significance was determined by
two-way ANOVA with post hoc Tukey HSD (+sg, n =8, P < 0.001). Common letters indicate no significant difference. (D) Length of dark-grown
hypocotyls. Seedlings were grown for 1 d in light and 5 d in darkness. Statistical significance was determined by two-tailed t test versus Wt on the
same condition (£sg, n = 15, *P < 0.001). (E) Primary root length of 7-d-old seedlings grown on increasing concentrations of IAA (£sg, n > 8).
(F) Hypocotyl length of seedlings grown on media with and without sucrose for 1 d in light and 5 d in darkness. Statistical significance determined

by one-tailed t test between sucrose treatments (£sg, n > 13, P <0.05).

fatty acid B-oxidation, and the mutants have normally func-
tioning peroxisomes.

Z377 is defective in LACS4

Whole-genome sequencing was used to identify the causa-
tive mutation in Z377. DNA extracted from 10 indepen-
dently isolated Z377 ibr3-1 lines from a backcross to ibr3-1
was pooled for sequencing. Parallel experiments were done
for wild-type and ibr3-1. Gene candidates were first nar-
rowed by identifying homozygous single nucleotide poly-
morphisms consistent with EMS mutagenesis in Z377 ibr3-1.
Mutations common between Z377 ibr3-1 and wild-type or
Z377 ibr3-1 and ibr3-1 were eliminated, leaving 10 mutations
unique to Z377 ibr3-1. Nine candidate genes were clustered
on chromosome 4 (Supplementary Table S1). AT4G23850,
which encodes LACS4, showed an alanine to valine substitu-
tion in the Z377 mutant (Figure 2A) and became the prime
candidate because LACS6 and LACS7 are known peroxi-
somal enzymes responsible for priming fatty acids with CoA
in fatty acid B-oxidation (Fulda, 2004). We hypothesized

that LACS4 may be the CoA synthetase responsible for cata-
lyzing the addition of CoA onto IBA as this enzyme has not
yet been identified (Hu et al, 2012). Other candidate genes
did not have a clear link to peroxisomes, auxin responses,
IBA metabolism, or lipid metabolism, further supporting the
hypothesis that the mutation in LACS4 might be the causa-
tive mutation in Z377.

To test our findings in an unbiased manner, T-DNA
mutants disrupting each candidate gene were acquired and
screened for IBA resistance in primary root elongation
(Supplementary Table S1). Only Salk_120357 showed an
IBA-resistant response in root elongation assays like Z377
(Supplemental Figure S1A). Salk_120357 is inserted in the
5'—untranslated region of LACS4 (Figure 2A). Because several
T-DNA alleles of lacs4 were recently named (Zhao et al,
2019), we named this previously uncharacterized Salk line
lacs4-7. In addition to resistance in primary root elongation,
lacs4-7 shows partial sensitivity to induction of lateral root
formation, another phenotype consistent with Z377
(Supplementary Figure S1B).
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Figure 2 Z377 is defective in lacs4. (A) Schematic of LACS4 gene structure. Exons are represented as black boxes whereas introns are lines.
Locations of T-DNA insertion mutants used in this study are depicted as inverted triangles. The mutation in Z377 changes nucleotide 1,400 from
C to T, resulting in an alanine to valine substitution at residue 467. As a result, Z377 was renamed as lacs4-8. Predicted AMP and fatty acid binding
motifs (UniProt Consortium, 2019) are indicated by a star and diamond, respectively. (B) Z377 ibr3-1 was crossed to Wt and lacs4-7 in a test of
non-complementation. F; seedlings were grown on 20 UM IBA for 7 d. Seedlings were genotyped for the point mutation in LACS4 in Z377 to con-
firm the cross was successful. The Wt LACS4 allele is the smaller product whereas the mutant lacs4 is the larger product. (C) Z377 seedlings segre-
gating a Wt copy of LACS4 tagged with a C-terminal GFP were grown on 15 uM IBA for 7 d. Length of primary root was measured for each
individual. Data are represented as percent of the population with indicated primary root length (n > 18 Wt and Z377, n = 32 Z377 35S: LACS4-
GFP). (D) Primary root elongation of 7-d-old seedlings grown on 20 LM IBA. Statistical significance was determined by one-way ANOVA with
post hoc Tukey HSD test (£SE, n = 11, P < 0.05). Common letters indicate no significant difference. (E) Expression of LACS4 relative to Wt in 5-
d-old seedlings grown under white light on filter paper. LACS4 expression is normalized against UBQ10. Statistical significance was determined by
a two-tailed t test (£sg, n = 5, *P < 0.001). (F) and (G) T-Coffee alignment of LACS proteins of A. thaliana (F) and LACS4 orthologs in divergent
plant species (G). Residues depicted are 460475 of LACS4 from A. thaliana. The amino acid residue mutated in lacs4-8 is indicated with an aster-
isk. Black shading indicates the same amino acid. Gray shading indicates similar amino acids.

To confirm causality, we completed non-complementation
testing for Z377 ibr3-1. F; seedlings of 7377 ibr3-1 back-

rescue relative to the IBA-resistant phenotype of Z377. The
primary root IBA-resistant phenotype of Z377 is successfully

crossed to wild-type were sensitive to IBA (Figure 2B), indi-
cating that the mutation is recessive. We then crossed 7377
ibr3-1 with lacs4-7. F, progeny of this cross had intermediate
resistance to IBA in primary root elongation, similar to Z377
alone, supporting that the mutation in LACS4 is causative.
Separately, we generated a complementation line of the
Z377 mutant transformed with the LACS4 coding sequence.
7377 lines segregating a 35S:LACS4 transgene containing a
green fluorescent protein (GFP) tag were analyzed to ob-
serve if IBA responses were recovered by the presence of a
wild-type copy of LACS4. Primary root length of segregating
lines grown on 15 pM IBA was measured and scored for

complemented by a LACS4 construct, as indicated by the
dual peaks representing the populations of rescued and
nonrescued phenotypes within this segregating line
(Figure 2C). The large peak with IBA-sensitive plants has
root lengths less than the average root length of 7377,
which suggests the addition of a wild-type LACS4 copy
restores wild-type to IBA in primary root elongation. The
smaller peak of the segregating population shows plants
with elongated roots, with growth consistent to the Z377
mutant.

Finally, we demonstrated causation by generating
novel allele combinations of lacs4 and ibr3 and looking for
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similar enhanced IBA-resistant responses. For this assay,
we used lacs4-7 and also expanded our analysis to include
lacs4-1, a T-DNA allele found in an exon (Figure 2A) that
has been previously described (Jessen et al, 2011, 2015;
Zhao et al, 2019). We crossed lacs4-1 and lacs4-7 sepa-
rately with a T-DNA line disrupting IBR3 (Zolman et al,
2007). lacs4-1 ibr3-4 and lacs4-7 ibr3-4 have enhanced
resistance to IBA in primary root elongation and indeed
recapitulated the phenotype seen in the original Z377
ibr3-1 line (Figure 2D). Following these tests, we concluded
that the mutation in LACS4 is causative for the IBA-
response defects of Z377. The Z377 mutant is now named
lacs4-8 (Figure 2A).

Missense mutation at residue 467 disrupts LACS4
function in IBA metabolism

The lacs4 mutation in Z377 is a substitution of an alanine to
a valine at residue 467 (Figure 2A). Despite being what is
traditionally defined as a weak mutation, lacs4-8 yields IBA-
resistant phenotypes as strong as each T-DNA allele
(Figure 2D). To determine if lacs4-8 disrupts function by al-
tered expression or protein activity, expression of LACS4 was
tested in all three mutants using gene-specific primers. We
found that LACS4 is expressed in lacs4-8 at wild-type levels,
whereas lacs4-1 and lacs4-7 have dramatically reduced ex-
pression (Figure 2E), as previously noted for lacs4-1 (Jessen
et al, 2015). This result suggests the mutation in lacs4-8
results in translation of a nonfunctional LACS4 protein,
which is as compromised in IBA metabolism as much as
plants lacking LACS4 completely.

In A. thaliana LACS4, residue 467 encodes an alanine.
Interestingly, alignment of the LACS4 protein sequence with
the Arabidopsis LACS proteins revealed that residue 467 is a
conserved proline in all other family members (Figure 2F).
We expanded our inquiry to LACS4 orthologs in diverse spe-
cies and discovered that this residue again is a completely
conserved proline, even in the close relative Arabidopsis hal-
leri (Figure 2G). This strong conservation suggests this ala-
nine residue is specific for A. thaliana LACS4 function and
may be a site sensitive to perturbations.

lacs4 and lacs6 are resistant to IBA

Nine LACS genes are encoded in the Arabidopsis genome
(Shockey et al., 2002). As several LACS proteins have over-
lapping roles (Jessen et al,, 2011, 2015; Zhao et al, 2019), we
examined all lacs mutants for IBA resistance. Available T-
DNA lines were screened for root elongation on IBA. We
found lacsé6 is the only other lacs mutant resistant to IBA in
primary root elongation (Supplemental Figure S2). The find-
ing that lacs6, but not lacs7, is resistant to IBA in primary
root elongation (Figure 3A) was surprising as LACS6 and
LACS7 are closely related, both localized to the peroxisome,
and have overlapping activity in the first step of fatty acid
[-oxidation (Shockey et al,, 2002; Fulda, 2004). lacs6 is com-
parable to lacs4 in that it also has slightly reduced lateral
root density when treated with IBA (Figure 3B).
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To further explore the relationships between LACS4,
LACS6, and LACS7, double mutants of lacs4 with lacs6 or
lacs7 were generated. lacs4-7 lacs6, but not lacs4-7 lacs7, dis-
played enhanced resistance to IBA in primary root elonga-
tion when compared with single mutants (Figure 3A). This
enhancement was not seen in the lateral root phenotype;
lacs4-7 lacs6 lateral root density was not statistically different
from the single mutants (Figure 3B). This evidence supports
that lacs4 and lacs6 are not defective in lateral root initia-
tion and that their IBA-defective responses are predomi-
nately seen in the primary root. The finding that lacs6 is
resistant to IBA and enhances the IBA resistance in primary
root elongation of lacs4 suggests that LACS4 and LACS6
may work in combination in IBA to IAA conversion. These
experiments also demonstrate that LACS7 does not have a
role in IBA to IAA conversion.

lacs4 is not sucrose dependent, even in combination
with lacs6 or lacs7

Redundancy is common with [B-oxidation enzymes
(Hu et al, 2012). Single mutants may not have sucrose-
dependent phenotypes even when a biochemical defect is
present. For example, lacs6 and lacs7 appear wild-type but
growth is severely compromised in a lacs6 lacs7 double mu-
tant (Fulda, 2004). lacs4 did not display sucrose-dependent
phenotypes (Figure 1F). The overlapping role of LACS4 and
LACS6 in IBA responses led us to analyze if lacs4 has a
sucrose-dependent phenotype in higher order mutants.
lacs4-7 lacs6 and lacs4-7 lacs7 were evaluated for sucrose
dependence. Neither double mutant was defective in hypo-
cotyl elongation on media lacking sucrose, indicating lacs4
does not display the sucrose-dependent phenotype consis-
tent with fatty acid B-oxidation defects (Figure 3, C and D).
We conclude that fatty acid B-oxidation is not detectably
compromised when LACS4 is mutated.

lacs4 and lacs6 responses are specific to auxins that
are [3-oxidized
Our evidence demonstrates that lacs4 and lacsé6 are resistant
to IBA. We previously showed that lacs4 responses were spe-
cific to IBA; to explore if lacsé responses are specific to IBA,
primary root elongation was tested on IAA and found to be
inhibited similarly to wild-type (Figure 4A). In addition, we
tested these lacs mutants on the synthetic auxin 2,4-dichlor-
ophenoxyacetic acid (2-4-D). lacs4, lacs6, lacs4-7 lacs6, and
lacs4-7 lacs7 are sensitive to 2-4-D-based inhibition of pri-
mary root elongation to the same extent as wild-type
(Figure 4B). This indicates that neither lacs4 nor lacs6 are
disrupting generalized auxin responses.

lacs4 and lacs6 were also tested on (2,4-dichlorophenoxy)-
butyric acid (2-4-DB), a synthetic auxin that has a side chain
that is two carbons longer than 2-4-D and may be [B-oxi-
dized in a similar mechanism to that of IBA (Wain and
Wightman, 1954). We used the peroxisomal acyl-activating
enzyme, dael8, as a control as it is specific for activating 2-
4-DB for [-oxidation and remains sensitive to IBA
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(Wiszniewski et al., 2009). lacs4 is resistant to 2-4-DB only at
low concentrations and not to the same extent as aael8
(Figure 4C). lacs6 remained sensitive to 2-4-DB (Figure 4C),
consistent with previously published results (Fulda, 2004).
Resistance to 2-4-DB was not enhanced in the lacs4-7 lacsé
double mutant, supporting that lacs6 is sensitive to this
auxin. The differential effect of LACS4 and LACS6 on 2-4-DB
may indicate that LACS4 preferentially participates in auxin
[B-oxidation compared to LACS6 or that LACS4 may be capa-
ble of accepting a broader range of substrates than LACS6.

LACS4 localization
All proteins identified in IBA to IAA conversion are in the
peroxisome matrix or have roles in general peroxisome func-
tion (Hu et al, 2012). However, a previous study (Jessen
et al, 2015) reported LACS4 localizes to the endoplasmic re-
ticulum (ER). Based on the phenotypes described above and
the potential connection of LACS4 with IBA activation, we
hypothesized LACS4 also would associate with peroxisomes.
A full-length LACS4 ¢cDNA was used to generate a C-ter-
minal GFP fusion with a flexible linker between LACS4 and
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the fluorescent tag. This construct was transformed into
wild-type and lacs4-8 plants. This construct rescued the IBA-
resistant phenotype of lacs4-8, demonstrating that the con-
struct is functional (Figure 2C). LACS4-GFP could be viewed
as distinct puncta. These puncta looked comparable in size
and number to peroxisomes stained with the peroxisome-
specific dye BODIPY (Landrum et al, 2010) in wild-type
seedlings (Figure 5A).

To determine if these puncta were peroxisomes, Nicotiana
benthamiana was co-infiltrated with Agrobacterium tumefa-
ciens containing a 35S:LACS4-CFP, a cyan fluorescent protein
attached to the LACS4 coding sequence with a flexible
linker, and UBQ10:YFP-SRL, a yellow fluorescent protein end-
ing with a canonical PTS1. Transient expression of LACS4-
CFP could be seen as discrete puncta that colocalized with
the peroxisome marker (Figure 5B). This result supports our
hypothesis that LACS4 can associate with peroxisomes.

Proteins internalized into the peroxisome typically con-
tain a PTS. LACS4 does not have a canonical PTS1 or
PTS2. However, the PTS1 C-terminal tripeptide (typically
[S] [RK] [LM]), can accept degeneracy at these residues
(Chowdhary et al, 2012). The LACS4 C-terminal amino
acids are SRG, one amino acid different from a canonical
PTS1. To test if the C-terminal tripeptide of LACS4 func-
tions as a noncanical PTS, a UBQ10:YFP construct was mu-
tated to end either with SRG or SRL terminal amino acids.
YFP-SRL localized as discrete puncta (Figure 5C), demon-
strating peroxisome localization. In contrast, YFP-SRG was
seen as a diffuse fluorescent signal (Figure 5C). This experi-
ment demonstrates that if LACS4 is entering into the
peroxisome, it is doing so by a different mechanism than a
C-terminal tripeptide PTS or that additional upstream resi-
dues are required beyond the consensus amino acids.

A
LACS4-GFP

BODIPY

LACS4-CFP

PLANT PHYSIOLOGY 2021: 185; 120-136 | 127

Alternatively, LACS4 may associate with the peroxisome
without being internalized.

LACS4 directly acts on IBA

LACS4 CoA synthetase activity on fatty acids has been
demonstrated (Shockey et al, 2002). The IBA-resistant phe-
notype of lacs4 suggests that LACS4 also is involved in IBA
metabolism. To determine if the mechanism of IBA resistance
of lacs4 is due to a wild-type role for CoA synthetase activity
on IBA, in vitro enzyme activity assays were performed with
recombinant LACS4. A CoA synthesis reaction consumes ATP
to yield pyrophosphate (PPi) and AMP (Figure 6A). We exam-
ined enzyme activity by measuring the production of PPi
with a fluorometric assay. After 10 min of incubation with
IBA, LACS4 produced significantly more PPi than when incu-
bated with no substrate, and PPi production increased with
increasing concentrations of IBA (Figure 6, B and C).

To evaluate substrate specificity, LACS4 was tested on
IAA, 1AA-alanine, methyl-IAA, and tryptophan, an auxin pre-
cursor. These substrates were chosen because each are en-
dogenous, relevant to auxin metabolism, and structurally
similar to IBA. Each possess an indole ring identical to that
of IBA but have side chains of varying lengths and modifica-
tions (Figure 6E). Chain length is of interest because LACS4
has activity on fatty acids ranging in length from 14 to 18
carbons (Shockey et al, 2002). Methyl-IAA was included be-
cause it has a side chain as the same length of IBA, but does
not have a terminal carboxyl group to participate in adeny-
lation. Despite significant LACS4 activity on IBA, activity was
not detected for IAA, 1AA-alanine, methyl-IAA, or trypto-
phan (Figure 6C). This result demonstrates that LACS4 has
specific activity on IBA, but not other structurally similar
auxins or carboxylic acids. This biochemical data are

Cotyledon

Figure 5 LACS4 localizes to puncta reminiscent of peroxisomes. (A) Visualization of LACS4-GFP and BODIPY signals in peroxisomes of 7-d-old
Arabidopsis. Scale bar = 20 pm. (B) Localization of transiently expressed LACS4-CFP and YFP-SRL in Nicotiana benthamiana. Scale bar = 10 pm.
(C) Representative confocal images of YFP-SRL and YFP-SRG signals in cotyledons and roots of 7-d-old transgenic Arabidopsis. Scale bar = 20 pm.
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consistent with lacs4 being resistant specifically to the
effects of IBA.

We expanded our in vitro analysis of LACS4 substrates to
include 2-4-DB. 2-4-DB is a synthetic auxin and not endoge-
nous to plants. lacs4 is weakly resistant to 2-4-DB at low lev-
els. However, LACS4 did not have activity on 2-4-DB
(Figure 6D), suggesting that it is not a bona fide substrate.

Evidence that LACS4 has increasing activity with increas-
ing IBA substrate and exhibits specificity for IBA over related
auxins strongly supports that LACS4 directly acts on IBA
and can charge IBA with the necessary CoA before entering
the B-oxidation pathway.

lacs4 has reduced auxin signaling in root tip

IBA conversion to IAA is an important source of auxin for
root development (Strader and Bartel, 2011; De Rybel et al,
2012; Xuan et al, 2015) and contributes to establishing and
maintaining the total auxin pool (Spiess et al., 2014). To ex-
amine if LACS4 can influence overall auxin signaling, lacs4-8
and lacs4-8 ibr3-1 were crossed to DR5:GUS, a reporter line
that contains the synthetic auxin-responsive reporter DR5
driving expression of the B-glucoronidase (GUS) enzyme
(Ulmasov et al, 1997). Seedlings were evaluated for relative

strength of the reporter in root caps, the hypothesized loca-
tion of IBA conversion into IAA (De Rybel et al,, 2012; Xuan
et al, 2015). In media without hormone, staining in wild-
type, ibr3, and lacs4-8 was comparable. DR5:GUS induction
was slightly reduced in lacs4-8 ibr3-1. We hypothesize this to
be due to reduced metabolism of endogenous IBA into IAA
in the root cap. Upon treatment with IBA, wild-type plants
showed increased and expanded induction of the DR5:GUS
construct. However, lacs4-8 and lacs4-8 ibr3-1 were not in-
duced to the same levels as wild-type (Figure 7), suggestive
of reduced auxin signaling (Ulmasov et al, 1997). Staining
was similar in all genotypes incubated with IAA (Figure 7),
demonstrating that the seedlings still retain the ability to
sense and respond to IAA; only the IAA generated from the
breakdown of IBA is compromised. The reduced GUS induc-
tion in lacs4 supports a hypothesis that LACS4 is function-
ally contributing to the total auxin pool available in the root
cap and is doing so through the mechanism of IBA to IAA
conversion.

Discussion

IBA metabolism to IAA parallels fatty acid B-oxidation;
enzymes with similar activities likely will be required for the



Plant Physiology, 2021, Vol. 185, No. 1

wt ibr3-1 lacs4-8 lacs4-8 ibr3-1
DAY N Y e O Y
g i vy',. Y1
S| We oY " N, | "¢ J R ¥V &
& v\ \_Or \L Ld L;
2 l ’ ' |
B . ' \.l" ‘.. vy 39 -c ‘y‘
NELLTY (T8
E .
I/ BIANLLA

Figure 7 lacs4 and lacs4 ibr3 display reduced IBA-responsive DR5 acti-
vation. Staining of DR5:GUS in root tips of 5-d-old seedlings. Plants
were incubated in liquid PN with or without hormone gently rocking
for 2 h. Plants were stained for GUS for 3 h at 37°C and washed with
50, 75, and 95% EtOH before imaging. Groups were imaged with a
20 X objective, inset is 40 X objective.

analogous steps. It is hypothesized that IBA is charged with
CoA by a CoA synthetase before entering the pathway. Our
identification of LACS4 in an unbiased screen for IBA resis-
tance was intriguing, as a CoA synthetase functioning on
IBA had not yet been reported. Separation of the new allele
from the previously characterized ibr3 IBA-response mutant
background (Zolman et al, 2000; Zolman et al, 2007)
revealed that lacs4 has a notable IBA-resistance profile on its
own. Mutations in LACS4 make Arabidopsis resistant to the
inhibition of IBA in primary root elongation and dark-grown
hypocotyl elongation (Figure 1, A and D), consistent with
previously characterized IBA-response mutants (Zolman
et al,, 2000; Zolman et al., 2007, 2008; Strader et al., 2011).

LACS4 CoA synthetase activity is specific to IBA in vitro.
LACS4 was not active against other auxin substrates and
lacs4 remains sensitive to IAA in primary root elongation
(Figures 4, 6). Our data support a model in which LACS4
catalyzes CoA addition onto IBA, the first step in IBA to
IAA conversion, and is required for normal contribution of
IBA-derived IAA in the root.

LACS4 function
LACSs in all organisms, from prokaryotes to humans, pri-
marily activate fatty acids with CoA making LACS enzymes
critical for utilization of fatty acids (Groot et al, 1976;
Watkins, 1997). The Arabidopsis genome contains nine
LACS genes with some overlapping activity, but which vary
in substrate specificities, localization, and expression
(Shockey et al, 2002; Zhao et al, 2019). Teasing apart the
role of LACSs has been difficult as most single mutants have
no obvious lipid phenotypes. Higher-order mutants have
revealed specific roles of some Arabidopsis LACS proteins.
LACS4 has overlapping activity with LACS1, LACS2,
LACSS, and LACS9 with roles in a diverse array of lipid bio-
synthesis. lacs4 appears wild-type in vegetative growth, fertil-
ity, and seed oil content (Jessen et al, 2011, 2015; Zhao
et al, 2019), but phenotypes began to emerge upon com-
bining lacs4 with other mutants. LACS4 and LACS9 act in
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glycerolipid synthesis and work together to transfer lipids
from the ER to the plastid. lacs4 lacs9 had reduced stature,
reduced seed weight, altered seed oil content, and impaired
seed development (Jessen et al, 2015 Zhao et al, 2019).
LACS8 also may have overlapping activity as a lacs4 lacs8
lacs9 triple mutant is embryo lethal (Jessen et al, 2015; Zhao
et al, 2019). LACS4 and LACS1 together are required for
synthesis of pollen coat lipids, as lacs1 lacs4 shows male ste-
rility (Jessen et al, 2011). lacs1 lacs2 lacs4 has altered seed
oil content and dramatically reduced cuticle waxes (Zhao
et al, 2019). These studies link LACS4 activity to vegetative
growth, seed oil accumulation, and fertility, highlighting that
LACS4 has a wide impact on growth and fecundity.

Our results implicating LACS4 activity in IBA metabolism
expands the roles for LACS4 to span lipid and hormone me-
tabolism. Our work reveals LACS4 also influences early seed-
ling development, particularly root systems, through IBA to
IAA conversion and contributes to the overall pool of free
IAA, as indicated by reduced induction of DR5:GUS in lacs4-
8 ibr3-1 in the root cap (Figure 7).

Mirroring the overlapping roles of LACS family enzymes
described above, our study also implicated LACS6 as another
CoA synthetase that can act on IBA. LACS6 is localized in
the peroxisome matrix (Fulda, 2004; Jessen et al., 2015), con-
sistent with our initial hypothesis that the acyl-CoA synthe-
tase acting on IBA would also be localized where all other
IBA metabolizing enzymes are located (Hu et al., 2012). lacs6
is resistant to IBA in primary root elongation (Figure 3) at
levels comparable to lacs4, supporting the hypothesis that
LACS6 acts directly on IBA. Alternatively, lacs6 could indi-
rectly disrupt IBA metabolism. Disruption to LACS6 could
be indirectly influencing IBA metabolism via a mechanism
such as CoA limitation, slowed peroxisome metabolism due
to accumulation of fatty acid intermediates, or accepting ex-
ogenous IBA as substrate because it is in excess. Such a
model might suggest lacs7 also would display IBA resistance,
as LACS6 and LACS7 are both highly expressed in the same
tissues and have overlapping activity on fatty acid substrates
(Shockey et al, 2002). However, whereas lacs6 is resistant to
IBA, lacs7 has wild-type responses to IBA in all phenotypes
tested and no additional enhancement was noted in the
lacs4 lacs7 double mutant in primary root elongation or
lateral root initiation assays. Future work characterizing
the substrate profile of LACS6 will be necessary to establish
a direct or indirect role of LACS6 in IBA metabolism.

lacs4 and lacs6 single mutants have IBA-resistant pheno-
types (Figure 3), whereas defects in fatty acid B-oxidation,
seed oil accumulation, and glycolipid synthesis are only
seen in higher-order mutants with other lacs mutants
(Figure 3 and Shockey et al, 2002; Fulda, 2004; Jessen
et al.,, 2015).

Together these findings illustrate that activity of LACS4
and LACS6 on IBA is unique, although expanded studies of
this enzyme family will reveal additional details of enzyme
activity and pathway interactions. For instance, lacs8-2
shows a slight hypersensitivity to IBA (Supplemental Figure
S2); lacs8 is of interest as other studies report overlapping
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activity of LACS4 and LACS8 (Jessen et al,, 2015; Zhao et al,
2019). lacs3 also has a slight hypersensitivity to IBA but has
reduced primary root length without hormone treatment,
potentially indicating a general growth defect instead of an
IBA-specific effect. Other LACS enzymes have not been
thoroughly investigated yet, but future experiments will
reveal their roles on fatty acids and potentially other related
substrates.

Additional interactions may be required for full IBA
responses in Arabidopsis

lacs4 develops lateral roots in response to IBA stimulation,
although not to the same extent as wild type (Figures 1, 3);
this differential pattern of resistance across developmental
stages is rare in IBA-response mutants. For instance, acx3
also develops lateral roots in the presence of IBA but is resis-
tant in primary root elongation (Eastmond et al, 2000;
Adham et al,, 2005). The distinct primary and lateral root
IBA-responses of acx3 is attributed to its expression pattern.
ACX3 expression in roots is seen in the root tip and tips of
elongated lateral roots but not lateral root primordia, even
upon IBA treatment (Eastmond et al, 2000; Adham et al,
2005).

The mechanism for LACS4 differential responses remains
an open question. LACS4 and LACS6 are highly expressed in
root tissue compared to other LACSs (Shockey et al., 2002)
and analysis of a LACS4 promoter:GUS construct demon-
strated that LACS4 expression is detected in the root tip but
is absent from the elongation zone (Zhao et al, 2019).
Analysis of LACS4 expression in lateral root primordia is re-
quired to determine if the different IBA response pheno-
types of lacs4 can be attributed to cell-specific expression or
activity.

Interestingly, lacs6 has been previously characterized and
shows sensitivity to the synthetic IBA analog 2,4-DB (Fulda,
2004), similar to our results (Figure 4C). AAE18 is an acyl-
activating enzyme found in peroxisomes with predicted
overlapping activity. Notably, age18 mutants are sensitive to
IBA, but resistant to 2,4-DB (Figure 3G Wiszniewski et al,
2009). This unique pattern of responses represents another
area for future investigation, as connections and overlap be-
tween LACS4, LACS6, and AAE18 could be revealing for dif-
ferent tissues or conditions as suggested by their unique but
overlapping phenotypes.

Unique aspects of lacs4-8 mutation

Our lacs4 allele has a weak missense mutation of an alanine
to valine. Residue 467 is not located in a known substrate
or cofactor binding pocket or active site (Figure 2). Our
structural analysis and functional prediction using Phyre2
(Kelley et al., 2015) suggest this residue is not in a function-
ally important domain or region of secondary structure. Our
genetic evidence that a substitution at residue 467 disrupts
function unveils questions about which regions in LACS4
are important for function and if they are equally important
for lipid and IBA metabolism.

V. Jawahir and B. K. Zolman

We also completed mutational analysis using the SuSPect
method (Yates et al. 2014). Substitution to any amino acid
at residue 467 is predicted to have near neutral effects.
However, despite this prediction, there is no amino acid de-
generacy at this residue; this residue is a completely con-
served alanine in all A. thaliana accessions and a proline in
all other Arabidopsis LACS proteins and LACS4 orthologs in
other plant species, including closely related Arabidopsis
species (Figure 2). Such conservation suggests an evolution-
ary pressure to maintain the amino acids at this site. It is
striking that LACS4 of A. thaliana encodes a divergent ala-
nine at this site. The PAM250 matrix (Schwarz and Dayhoff,
1979) predicts that proline is most often and equally likely
to be substituted for alanine or serine. Although the recent
divergence of A. thaliana at this amino acid is surprising, a
substitution for alanine may be favorable and necessary for
function. This biological evidence of strong conservation
increases our confidence that this residue is sensitive to per-
turbations, despite bioinformatics predictive analysis.

Our genetic evidence supports that residue 467 is impor-
tant for protein function, folding or stability, given that a
point mutation disrupts plant physiology to the same extent
as null alleles (Figure 2E). Continued analysis of the LACS4
domain structure generally and this region specifically is re-
quired to determine if this site is required for binding to a
substrate, interacting protein, or required to give the protein
a precise structure.

LACS4 localization remains an open question

In our analysis of localization, LACS4-GFP could be viewed
as distinct puncta in Arabidopsis (Figure 5). These puncta
looked comparable to BODIPY-stained peroxisomes. The
punctate localization was also seen when LACS4-CFP was
transiently expressed in N. benthamiana and colocalized
with YFP:SRL-labeled peroxisomes. This evidence that LACS4
associates with peroxisomes is consistent with localization of
other IBA to IAA enzymatic components (Hu et al, 2012).
Subcellular localization prediction tools yield disparate pre-
dictions. WOLF-PSORT (Horton et al, 2007) and Suba4
(Hooper et al, 2017) most often predict cytosol localization
followed by peroxisome localization, but also predict locali-
zation to all other cellular compartments.

If LACS4 is localized to the peroxisome matrix, it is
unclear how import occurs as LACS4 does not possess a ca-
nonical PTS1 or PTS2. The LACS4 C-terminal amino acids
SRG are not a sufficient PTS for entry into the peroxisome
(Figure 5), although additional upstream amino acids not
tested could facilitate import (Brocard and Hartig 2006;
Chowdhary et al,, 2012). Some peroxisomal proteins without
a PTS piggyback onto PTS containing proteins (Thoms,
2015) and protein oligomers can be imported even when
subunits lack a PTS (Brown and Baker, 2008). This piggy-
backing mechanism has been reported for protein phospha-
tase 2A in Arabidopsis (Kataya et al, 2015) and even
proteins that are not part of a complex, such as
Nicotinamidase | which is co-imported into the peroxisome
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with glycerol-3-phosphate dehydrogenase 1 in Saccharomyces
cerevisiae (Saryi et al,, 2017).

LACS4 previously has been described as ER localized in
Arabidopsis (Jessen et al, 2015) and Brassica napus (Tan
et al, 2014). However, the mammalian ortholog namely
ACS4, localizes to the mitochondria, ER, and peroxisomes
(Lewin et al, 2001, 2002; Milger et al, 2006; Grevengoed
et al, 2014). This finding opens the question of LACS4 locali-
zation and the possibility of dual localization. A detailed
study of LACS4 throughout development and under chang-
ing conditions, as well as identification of an interacting pro-
tein that could serve as a vehicle into the peroxisome, is
necessary to elucidate the localization of LACS4 and under-
stand the implications of potential dual localization over
space and time.

Potential mechanisms of LACS4 activation of IBA
Our genetic and biochemical data support that LACS4
charges IBA with CoA. Genetic evidence suggests LACS6
does this as well. We hypothesize these two enzymes work
together at this step via one of three possible mechanisms
(Figure 8).

All enzymatic components of IBA to IAA conversion dis-
covered to date are contained within the peroxisome. Our
LACS4 localization experiments demonstrate LACS4 could
be localized in the peroxisome matrix as well. This

3
2 ER
IBA or IBA-CoA —— IBA IBA
| LACS4
e LACS4
N CoA IBA-CoA
1 IBA
LACS4
LA
LACS6 cse
IBA-CoA
IBR3
IBR10
IBR1
PEDT IBA-CoA
IAA
Peroxisome Pre-Peroxisome

Figure 8 Three possible models of LACS4 activation of IBA, which
affects IBA metabolism to IAA in the peroxisome. (1) LACS4 and
LACS6 are both located inside the peroxisome where together they
charge IBA with CoA. LACS4 may localize solely to the peroxisome or
also localize to the ER and/or cytoplasm. (2) LACS4 may exist in the
cytoplasm and loosely associated with the peroxisome without being
internalized by the organelle to generate a cytoplasmic pool of IBA-
CoA. IBA-CoA is imported into the peroxisome where LACS6 can reat-
tach the CoA onto IBA. (3) ER-localized LACS4 may generate a pool of
IBA-CoA that is actively imported into the peroxisome or is contained
within pre-peroxisome structures that become mature peroxisomes.
CoA cleaved off during import is reattached by the peroxisomally con-
tained LACS6.
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localization supports the hypothesis that LACS4 and LACS6
together charge IBA with CoA inside the peroxisome.

Alternatively, LACS4 may reside outside of the peroxi-
some, associated with the outer membrane. LACS4 gener-
ates a cytosolic pool of IBA-CoA, which is imported into the
peroxisome. Active import by PXA1 is coupled with CoA hy-
drolysis (Nyathi et al, 2010; Lousa et al, 2013) and in this
model, IBA could be reactivated by peroxisomal LACS6 in
the matrix.

However, previous work also has reported LACS4 localiza-
tion in the ER (Jessen et al, 2015). LACS4 may generate a
pool of IBA-CoA in the ER for import into the peroxisome,
which could be reactivated by LACS6.

Finally, there could be two pools of LACS4 with distinct
functions. One pool may be ER localized and function pri-
marily in fatty acid metabolism, whereas a peroxisomal pool
may be primarily associated with hormone metabolism.
Such a model is consistent with our mutant analysis sug-
gesting loss of LACS4 affects IBA responses, but does not af-
fect peroxisomal lipid metabolism during early seedling
development.

Each of these proposed mechanisms have a novel aspect
that is intriguing. If LACS4 is peroxisomal, then it is unclear
how it is imported without a canonical PTS. LACS4 could
enter via the piggyback mechanism, an extended signal se-
quence, or a noncanonical PTS. If LACS4 is solely localized
to the ER, it is the first enzyme with a role in IBA metabo-
lism not linked to the peroxisome. However, peroxisomes
have a close relationship with the ER. Peroxisomes bud off
the ER membrane to become independent entities, as de-
scribed in a model of de novo biogenesis, or the ER may
serve as a source of membranes and membrane proteins, as
described in a semi-autonomous model (Mullen and
Trelease, 2006; Hu et al, 2012; Agrawal and Subramani,
2016). IBA-CoA generated from LACS4 in the ER may be
moved into the peroxisome via these membrane fusion
models rather than active import. If LACS4 is only localized
to the ER, this furthers the growing evidence that implicates
the ER in auxin metabolism. IBA can be formed via acetyla-
tion of IAA and is associated with the ER membrane in
maize (Zea mays; Ludwig-Mdller and Epstein, 1992; Ludwig-
muller and Hilgenberg, 1995). Auxin-conjugate hydrolases re-
side here, IAA actively is transported into the ER, and the
ER may regulate the amount of auxin transported to the
nucleus for signaling (Bartel and Fink, 1995; Davies et al,
1999; Friml and Jones, 2010; Middleton et al,, 2018).

Finally, LACS4 may exist in both the ER and the peroxi-
some. Multiple pools of LACS4 would accommodate the
pleiotropic activity of LACS4 in lipid and IBA metabolism.
Localization to multiple organelles is seen in the mammalian
isoform ACS4, which is localized to the ER, peroxisome, and
mitochondrial membrane (Grevengoed et al,, 2014). In mam-
mals, superoxide dismutase and lactate dehydrogenase are lo-
calized primarily to the cytosol with a smaller peroxisomal
pool that enter via piggybacking mechanisms (Wanders and
Waterham, 2006; Islinger et al, 2009). The import of these
proteins into the peroxisome is dependent on the amount
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of available carrier protein, offering an explanation for the
comparatively reduced amount of protein in the peroxisome,
which is often masked in in vitro studies (Thoms, 2015).
Dual localization of ACS4 and the ability of superoxide dis-
mutase and lactate dehydrogenase to enter the peroxisome
without PTSs while maintaining primary localization else-
where substantiates the possibility that LACS4 could have
also dual localization in Arabidopsis and suggests a rationale
for why LACS4 does not have a PTS, why peroxisomal locali-
zation has not been previously detected, and why a signifi-
cant role in fatty acid B-oxidation is not observed.

Summary

The roles of IBA-derived IAA, and auxin storage forms more
broadly, have been investigated in detail but continue to be
studied to determine the activity and relative importance of
each throughout plant growth, development, and responses
to changing environmental conditions. ldentification of
LACS4 as an activator of IBA provides a more complete
view of the IBA metabolic pathway, facilitating additional
studies to increase our understanding of alternative auxin in-
put pathways during plant development. In addition, this
work gives new light to the role of LACS4 within a cell and
the importance of LACS4 in plant development. LACS4
stands at the crossroads of hormone and lipid metabolism,
two molecular pathways required to balance growth, devel-
opment, and responses to the environment throughout the
lifespan of a plant.

Materials and methods

Plant materials
All plants are A. thaliana of the Columbia (Col-0) back-
ground. ibr3-1 has a point mutation generated by EMS
(Zolman et al, 2007). ibr3-4 (SALK_004657), lacsi-2
(SALK_138782), lacs2-3 (GABI_368C02), lacs3-1 (SALK_
027707), lacs4-1 (SALK_101543), lacs4-7 (SALK_120357),
lacs6 (SALK_069510c), and lacs7 (SALK_146444), lacs8-2
(SALK_105118), and lacs9-4 (SALK_124615) are T-DNA
lines obtained from the Arabidopsis Biological Resource
Center. All mutants were genotyped to confirm homozy-
gous mutations (Supplementary Tables S2 and S3).

lacs4-1, lacs4-7, lacs6, and lacs7 were backcrossed to wild
type, reisolated by genotyping and confirmed homozygous.
Al double mutants were obtained from directed
outcrossings.

Mutagenesis and mutant isolation
ibr3-1 seeds were soaked in 0.24% EMS (v/v) for 18 h in the
dark, washed extensively, and transferred to soil. M, seed-
lings were grown on 25 pM IBA and screened for individuals
with elongated roots compared to the ibr3-1 background.
M; progeny were retested to validate the mutant
phenotype.

Z377 ibr3-1 was backcrossed to ibr3-1 to generate lines for
sequencing. Z377 was isolated from segregating generations
of the Z377 ibr3-1 backcross to wild type by screening for
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seedlings with an intermediate IBA-resistant root phenotype
that genotyped wild-type for ibr3-1. Z377 ibr3-1 and Z377
were backcrossed to wild-type twice to generate lines for
phenotypic analysis.

Growth conditions for phenotypic assays

Seeds were sterilized with 30% bleach (v/v) and 0.1% triton
(v/v), rinsed, suspended in 0.1% agar (w/v), and imbibed at
4°C for 3-5 d. Seeds were plated on plant nutrient media
(PN; Haughn and Somerville, 1986) supplemented as indi-
cated. Plates were incubated at 22°C under continuous yel-
low light for the specified number of days.

Primary root length was measured after 7 d of growth on
indicated media. Lateral root density was determined by
growing seeds on PN for 4 d, transferring seedlings to PN or
PN + 5 puM IBA plates and growing for an additional 4 d.
Lateral roots were counted with a Leica Zoom 2000.

Sucrose dependence and effects of auxins on hypocotyl
length were performed by growing seeds on indicated media
for 1 d. Plates were then incubated in darkness for an addi-
tional 5 d before hypocotyls were measured.

Whole-genome sequencing and mutant genotyping
Ten independently isolated Z377 ibr3-1 lines from a back-
cross to ibr3-1 were selected and pooled for sequencing in
parallel with wild type and ibr3-1. DNA was extracted from
approximately 2,000 seedlings grown on filter paper for 10 d.
Sequencing was performed at the Genome Technology
Access Center at Washington University in St Louis on an
lllumina-HiSeq2000. Gene candidates were first narrowed
down by identifying homozygous single nucleotide polymor-
phisms consistent with EMS mutagenesis in coding regions.
Mutations common between Z377 ibr3-1 and wild type or
ibr3-1 were eliminated, leaving mutations unique to Z377
ibr3-1. dCAPS primers (Neff et al, 2002) were designed
to genotype the point mutation in lacs4-8 (Supplemental
Table 2).

Generation of constructs

LACS4 cDNA was amplified with LACS4Topo-F and
LACS4Topo-R from cDNA synthesized from wild-type RNA.
LACS4 was cloned into the Gateway entry vector pcr8/Topo.
The stop codon of LACS4 was replaced with a 6-amino-acid,
glycine-serine flexible linker with the QS5 Site Directed
Mutagenesis Kit (NEB) using the primers LACS4-cterm linker
F and LACS4 c-term linker R. This LACS4 construct was
moved into plant gateway expression vectors pEarlyGate102
and pEarlyGate103 (Earley et al, 2006) with LR clonase
(Thermo Fisher).

For recombinant expression, LACS4 cDNA was amplified
with primers LACS4S and LACS4B, digested with Sal1-HF
and BamHI-HF, and ligated into the pZA31 expression vec-
tor which adds an N-terminal HN tag and controls expres-
sion through the TetR system (Lutz and Bujard, 1997).
pZA31:LACS4 was transformed into Escherichia coli DH5aZ1,
a strain modified to constitutively express TetR from the
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chromosome for bacterial expression (Lutz and Bujard,
1997).

UBQ10:YFP-GW (Michniewicz et al, 2015) was mutated
by site-directed mutagenesis to end with SRL and SRG C-ter-
minal tripeptides with the primers YFP-SRG F, YFP-SRG R,
YFP-SRL F, and YFP-SRL R using the Quikchange XL site-
directed mutagenesis kit (Agilent Technologies).

Constructs were confirmed by sequencing. Primer sequen-
ces are listed in Supplementary Table S3.

Plant transformation

Wild-type and Z377 were transformed with the
pEarlyGate103:LACS4 fluorescent fusion protein construct.
UBQ10:YFP-SRL and UBQ10:YFP-SRG were independently
transformed into wild-type. Arabidopsis transformation was
done via the floral-dip method with Agrobacterium tumefa-
ciens (Clough and Bent, 1998). Transformants were selected
by growing seedlings on 10 pug mL™' Basta for 14 d.
Homozygous lines were identified by screening T;s on Basta.

Transient LACS4 expression

LACS4 localization was observed through transient expres-
sion in N. benthamiana (Sparkes et al, 2006).
pEarlyGate102:LACS4 and UBQ10:YFP-SRL in A. tumefaciens
were grown overnight at 30°C. Cultures were incubated in
infiltration media (10 mM MgCl,, 10 mM MES, and 200 pM
acetosyringone) and gently rocked at room temperature
for 4 h. The cells were resuspended in fresh infiltration
media to an ODgy, of 1. Cultures of each construct were
mixed at a ratio of 1:1 and infiltrated into leaves of young
N. benthamiana plants using a 1-mL needleless syringe.
Leaves were imaged 48 h after infiltration.

Confocal microscopy

Confocal images were obtained with a Zeiss LSM 700 laser
scanning confocal microscope using the 20X lens.
pEarlyGate103:LACS4 was imaged in 7-d-old Arabidopsis
seedlings of T,s showing rescued IBA-resistant phenotypes
when grown on 15 pM IBA. Seven-day-old wild-type
Arabidopsis seedlings were stained with 5 puM 8-(4-
Nitrophenyl) BODIPY (Toronto Research Chemicals) for 10
min and excited with a 488-nm laser.

RNA extraction and expression quantification
Seedlings were grown on filter paper under white light for
5 d. RNA was extracted by grinding seedlings in liquid nitro-
gen and using the IBI Total RNA Mini Kit (Plant; MidSci).
cDNA was synthesized using ProtoScript Il Reverse
Transcriptase (NEB). LACS4 expression was determined by
RT-gqPCR using Bullseye EvaGreen qPCR Mix (MidSci) on a
BioRad CFX96 Real Time PCR System. LACS4 expression was
normalized to UBIQUITIN 10 and calculated with the AACT
method. Primers were designed with QuantPrime (Arvidsson
et al, 2008) and are listed in Supplemental Table S3. No re-
verse transcriptase reactions were used as a control.
Experiments were performed with both biological and tech-
nical triplicates.
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Gus staining

The DRS5:GUS reporter line (Ulmasov et al, 1997) was
crossed to ibr3-1 and lacs4-8 ibr3-1. Five-day-old seedlings
were then incubated in liquid PN with no hormone, 50 pM
IBA, or 1T uM IAA and gently rocked at room temperature
for 2 h. GUS was visualized by incubating seedlings in 0.5
mg mL™" X-Gluc for 3 h at 37°C, followed by ethanol
(EtOH) washes (Bartel and Fink, 1994). Plants were stored in
50% glycerol (v/v) at 4°C and imaged with Evos XL Core
(Thermo Fisher) on 20 x and 40 X objectives.

LACS4 purification from Escherichia coli DH50Z1
DH5aZ1 containing the pZA31:LACS4 construct was grown
with 25 pg mL™" chloramphenicol at 37°C to an ODgqy, of
0.5. LACS4 expression was induced with 200 pug mL™" anhy-
drotetracycline, then grown overnight at 16°C. Cells were
pelleted, resuspended in 50 mM Tris pH 7.5, 300 mM Nacl,
0.1% Triton X-100 (v/v), and Pierce Protease Inhibitor Mini
Tablets (Thermo Fisher). Cells were lysed by incubating with
2 mg/mL lysozyme at 4°C for 1 h followed by sonication
with 10 30-s pulses. Cell debris was removed by centrifuging
for 30 min at 20,000g at 4°C. Supernatant was then passed
through a 0.22-puM filter to remove remaining debris.

The filtered supernatant was passed through an equili-
brated 5-mL cobalt column on an AKTA prime FPLC (GE
Healthcare) to capture HN-tagged LACS4. LACS4 recombi-
nant protein was eluted in 1-mL fractions with 50 mM Tris
pH 7.5, 300 mM NacCl, with increasing imidazole gradient up
to 200 mM. Eluted fractions containing LACS4 were pooled
and dialysed at 4°C in 10 mM Tris pH 8, 150 mM NadCl, 1
mM EDTA, and 40% glycerol (v/v). Protein concentration
was determined by Bradford assay. LACS4 was aliquoted and
stored at —80°C.

LACS4 activity

LACS4 CoA synthetase activity was assayed by measuring PPi
production. A 1 pg of LACS4 was incubated in a 50-pL reac-
tion of 0.5 mM CoA, 45 mM ATP, 0.1% Triton X-100 (v/v),
1 mM dithiothreitol, 100 mM Tris pH 7.5, and the indicated
substrate for 10 min at 24°C. 10-mM stocks of IBA potas-
sium salt (Chem Cruz), IAA sodium salt (Cayman Chemical
Co), IAA-alanine (Milipore-Sigma), methyl-IAA (Milipore-
Sigma), tryptophan, and 2-4-DB dissolved in 50% EtOH (v/v)
were tested as substrates. LACS4 incubated with 5% EtOH
(v/v) served as the negative control. PPi was measured with
a Pyrophosphate Assay Kit (Millipore-Sigma) according to
instructions by adding 50 pL of reaction buffer to each CoA
synthetase reaction and incubating 15 min at 24°C. PPi fluo-
rescence was measured with A¢=316 nm, A= 456 nm on
a Biotek Cytation 3.

Accession numbers

Gene sequences in this study can be found in Arabidopsis
Genome Initiative database under the following accession
numbers: IBR3, AT3G06810; LACS4, AT4G23850; LACS6,
AT3G05970; LACS7, AT5G27600; LACS1, AT2G47240; LACS2,
AT1G49430; LACS3, AT1G64400; LACS8, AT2G04350; LACS9,
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AT1G77590; AUX1, AT2G38120; AAET8, AT1G55320; UBQ10,
AT4G05320. Sequences for long chain Co-A synthetase 4
orthologs can be accessed through Genbank under the fol-
lowing accession numbers: Arabidopsis halleri, ACC91252.1;
Brassica napus, NP_001302548.1; Zea mays, XP_008652385.1,
Populus trichocarpa, XP_024453969.1, Amborella trichopoda,
XP_006850521.1, Physcomitrella patens, XP_024370732.1.

Supplemental Data

The following materials are available in the online version of
this article.

Supplemental Figure S1. lacs4-7 is comparable to Z377 in
primary root length and lateral root density when grown on
IBA.

Supplemental Figure S2. lacs4 and lacsé are resistant to
IBA in primary root elongation.

Supplemental Table S1. Descriptions of candidate genes
mutated in Z377 and the mutant allele tested for resistance
to IBA.

Supplementary Table S2. Primer pairs and enzymes re-
quired for genotyping each mutant used in this study.

Supplementary Table S3. Sequences for new primers
used in this study.
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