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ABSTRACT

The praoteinogenic branchathain amino acids (BCAAs) leucine, isoleucine and valine are
essential ‘Autrients for mammals. In plaBE€AAs double as alternative energy sources
when carbohydrates become limiting, the catabolism of BCAAs providing eledtrahs
respiratory=chain and intermediates to the tricarboxgaid cycle. Yet, the actual
architectureof the degradation pathways of BCAAs is not well understood. In this study,
gene network modeling in Arabidopsis and rice, and plavitaryote comparative
genomics detected candidates fem8thylglutaconyl€oA hydratase (4.2.1.18), one of the
missing . plantenzymesof leucine catabolismAlignments of these protein candidates
sampled-fream various spermatophytes revealedhwonologous Nilerminal extensions that

are lacking.in theibacterial counterparts, and green fluorescent prdsion experiments
demonstrated that the Arabidopsis protein, product of g&rgl6800, is targeted to
mitochendria.  Recombinant  At4g16800 catalyzed the dehydration of 3
hydroxymethylglutaryl€oA into 3methylglutaconyl€oA, and displayed kinetic features
similar 'to those of its prokaryotic homolog. Whaivgl6800 knockout plants were
subjected=tor darknduced carbon starvation, their rosette leaves displayed accelerated
senescencesas compared to control plants, and this phenotype was paralleled by a marked
increase in the accumulation of free and total leeicisoleucine and valine. The seeds of
the at4g16800 mutant showed a similar accumulation of free BCAAs. These data suggest
that 3methylglutaconyl€oA hydratase is not solely involved in the degradation of leucine,
but istalso a significant contributor to that of isoleucine and valine. Furthermoreneide

is shown that unlike the situation observed in Trypanosomatidae, leucine catatmdism

not contribute to the formation of the terpenoid precursor mevalonate.
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INTRODUCTION

Leucine,isdeucineand valine form the group groteinogenic brancbhain amino acids
(BCAAS), and are synthesizedle novo solely by plants, fungi, archaea arzhcteria
BCAAscare therefore essentialto animals that acquire them from their diet anda
symbiotic*associations.While the biosynthesisof plant BCAAs and its associated
regulatorymechanismsre for the most part well understood (Binder, 2(Rtelli and
Pilot, 2014;2Xing and Last, 2017), oknowledgeof the catabolismof these amino acids
remainsinsecomparisorfragmentary(Hildebrandt et al., 2015; Galili et al., 2Q1&et, the
catabolism of BCAA s of particular significance, not only because it contributes to BCAA
homeostasis, but also because it serves as an alternative energy source when carbohydrate
availability to plant tissuess restricted Aradjo et al., 2011). This auxiliary supply of
erergy-~takes place at two levels: First, when electrons originating from the
dehydrogenation of BCAA catabolic intermediates are fed into the respiratory ehdi
second when their terminal cataboliteseerthe tricarboxylic acid cycle. Reflecting the
crucial role of BCAAs as aralternative energy source for plant cefsabidopsis thaliana
mutants corresponding to BCAA catabolic enzymes and their associated electron carrier
proteins display accelerated senescence duringidduiced carbon starvatiomskizaki et

al., 2005»2006Araujo et al., 2010Peng et al., 20)5Recent evidence also indicates that
this alternative pathwaplays a role irdrought tolerance (Pirext al, 2016. The individual
reactionsof the BCAA degradation pathway in plamise similar to thoseof mammals and
bacteria(Hildebrandt et al., 2013Binder, 2010. BCAAs are first deaminatecto their
cognate 2oxe acid followed by their oxidative decarboxylation, arftetresulting acyl

CoA “thioesters are then oxtéd and carboxylatedto form enoyl-CoAs. Arabidopsis
mutantshave been identifiebr some ofthese stepandtheir correspondingenes have
beenshown to encodenitochondriontargeted enzyme#éng et al., 2015; Gu et al., 2010;

Ding et al., 2012;Angelovici et al., 2013 Downstream enzymes correspondingfto
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hydroxyisobutirylCoA hydrolase methylmalonate semialdehyde dehydrogerase 3
hydroxyisobutyrate dehydrogenase the degradation pathway of valine and to
hydroxymethylglutaryl€oA lyase in the degradation pathway of leucine have also been
identified"(Lange et al., 2004; Lu et al., 2011; Gipson et al., 2017; Schertl et al., B917).
analogy with/ the degradation pathwayf BCAAs in nonplant organisms, it is assumed
that didinct hydratasscatdyze the conversion dhe enoylCoA catabolicintermediates
3-methyl-glutaconylcoA, methacryllCoA and 2methyl-but-2-enoylcoA for leucine,
valine, //and, isoleucine, respectivelyinto their cognate hydroxydcyFCoAs
(http://www.genome.jp/kegg-

bin/show /pathway?map=map00280&show_description=showhe Tlatter are then
catabolizedfurther into acetyfCoA and succinylCoA (Galili et al., 201§ Two
Arabidopsisteroyl-CoA hydratasdike proteinshave beerproposed to correspond to the
missing hydratasesf BCAA catabolismbasedon theiractual (At4g31810) or predted
(At3g60510) mitochondridbcalization Binder, 2010; Millar et al., 2001However,a hint
thatthese proteinsnight notbethe rightcandidates is thaheir corresponding genes ot
co-express:with thosef otherBCAA degradatiorenzymegBinder, 2010. A later review

of BCAA catabolic genes lists 4 additional en@0dA hydratase candidates: Atlg76150,
At4g29010, At4g16800, and At4gl16210 (Hildebrandt et al., 20B&)ding to the
confusion,there isevidence thaplant peroxisomesontribute to the degradation of BCAA
(Lange et al., 2004; Gerblingnd Gerhardt 1989), and proteomics and green fluorescent
protein (GFPYusion studies irArabidopsis have idetified enoyl-CoA hydrataseghat are
targetedstosperoxisomes (Reumann et al, 2007; Eubel et al., 2008).

In thissstudyy a part of a systems biology effodimed atreconstructing the functional
networks of genes that ardunctionally linked to electron transport chaing plant
organelles,we identified orthologous dmethylglutaconyl€oA hydratase candidatess
node connectar between respiration and BCAA degradationVe investigated the
subcellular localization anih vitro activity of theArabidopsis enzyme, and examined the

physiological and biochemicahpactof knocking out its cognate gene.

RESULTS
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Plant-prokaryote comparative genomics points to rotonaselike homologs that are
functionally linked to r egiration and leucine @atabolism

Co-expression analysed the Arabidopsis thaliana probe set®of the ATTED-II (Aoki et
al., 201§"and GeneCATNlutwil et al., 2008 microarraydatabasgdetectedAt4g16800 as

a remarkable functionalodebetween genemvolved in mitochondrial respiratiorfFigure
la) These includesubunits of mitochondrial ATP synthase and cytochrome C oxidase,
components _ofComplex | of the respiratory chairgend enzymesrequired for the
biosynthesisiof ubiquinonegenzyme Q) an essentialectron carrier of the mitochondrial
inner membrangFigure 18 Supporting @tasetl). At4g16800 is predicted to encoder a
31kDa proteinof unknown cellular function. It displays, howevarconserved crotonase
like domainy(cd065580) commonly found in enzymes acting on@o}l intermediates
(Holdenwetwal., 2001 Searchinghe SEED database for comparative genor(iixgerbeek
et al., 200pwith the protein sequence At4g16800as queryidentified bacteriahomologs

in Firmicutes,Protedacteria and Actinobacteriawhose corresponding genaorganized

in canonical operond={gure 1B. Coinciding with such an arrangemeftpf the 7 genes
that make=ugheseclustersmap onto consecutive reactions tfie referencepathway for
leucine degradatioin the KEGG database(Figure 1c). Anong thee the prokaryotic
homologsof At4g16800 match with 3-methylglutaconylCoA hydratase (4.2.1.)8that
catalyzes the reversible conversion ofma8thylglutaconyl€oA into 3-hydroxy-3-
methylglutarylCoA (Figure I). Inspectionof the ceexpression profilef At4g16800 in
microarray andRNA seqiencing experimentsonfirmed thatin Arabidopsis as well the
expression=of this gene is-cegulated with that ofjenes involved in the catabolism of
BCAAx(Figure 1¢ SupportingDataset L Similar results were obtained f@s0290654100,
the rice ortholog ofAt4g16800 (Figure 1d; Supporting Dataset ). Moreover, & is
classically observed f@CAA catabolic genesht4g16800 is expressed in all plant organs
(SupportingFigure )1 This crossexamination ofplant transcriptomics databases and
prokaryotic genomeshus not only indicates that there are some conservedunctional
associatios betweenAt4g16800, mitochondrial respiration and leucine catabolism, but
alsodesignates At4g1680&nd its plant orthologas strong candidagdor the missing3-

methylglutaconyl-CoA hydrase of leucine catabolism in plants.
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At4g16800 is localized in ntochondria

Alignmentsof At4g16800 and it®rthologssampledrom variousspermatophytesevealed
nonhomologous Nerminal regionsof 25-60 residues thatare absent intheir bacterial
homolog (Figure 2a Analyses performed withlrargetP (Emanuelsson et al., 2000
IPSORT(Bannai et al., 2002 and Predotargmall et al., 200¢resulted in the prediction of
targeting. of At4g16800to the mitochondrion while 7 of At4g16800's top 14 nearest
neighbars predicted by WoPRsort (Horton et al., 200/were mitochondria(Supporting
Table 1)."When an expressiononstructcorresponding tdhe fusion of GFP to the G
terminal end ofAt4g16800was caeinfiltrated in Nicotiana benthamiana epidermal cells
with that=ef* a red fluorescent protein (RRBRYyged isovaleryCoA dehydrogenase
mitochondrial marker, confocal laser scanning microscopy experiments confirnhéketha
fluorescent reporter proteins strictly-tmxalized. (Figire 2b-d). Tine-lapse acquisitions
further verified that the small punctate structuresssociated withthe green and red
fluoreseencendverlay moved rapidly witin cytosolic streamsround the nucleuand the

vacuolerassisitypically observed for mitochondria (Suppoitidgo 1).

In vitro activity of At4g16800

A 6x-histidinetagged version of th&t4g16800 protein lackingts predicted Nerminal
pressequence (residues4R) was expressed iBscherichia coli. Thedehydratase activity of
the purified enzymewasthenassayedvith 3-hydroxymethylglutaryl-GA as thesubstrate,
quantifyingthe formationof 3-methylglutaconyl€oA by reversephase HPLCcoupled to
spectrophotometric detectiohhese assays resultedtypical Michaelian kinetics withp,,
V maxs Keat and KeadK m valuesof 53.1+ 7.7 uM, 774.2+ 43.2nmol. s'. mg*, 23.4s*+ 1.3
and 0.44uM. s', respectively (Figur®). These kinetic parametease similar to those
reported for3+*methylglutaconylcoA hydratasepurified from Acinetobacter sp. cells and
assayedsin similar condition8q uM, 60 s* and 1.7uM™. s* for Kp, Kear and KeadKm,
respectively{Mack et al., 20063)

At4g16800 knockout plants display accelerated senescence in response to extended
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darkness onditions

To directly investigate then vivo function of At4g16800, indexed collections of
Arabidopsis mutantswere searobd using the IDNA Express genenapping tool of the
SALK™ "Institute  fttp://signal.salk.edu/cgi-bin/tdnaexpress). Four DNA  lines
corresponding tansertiors in the 5-untranslated region (SAIL_428 HOlhird intron
(GABI_008D11), and 3untranslated region(SALK 072057, SALK 02661€) of
At4g16800 wereidentifiedand confirmed by DNA genotyping (Supporting FigujeR2T-
PCR analysessing aprimer pair designed to amplify @NA region spanning from the
third exon“tothe seventh exorof At4gl16800 showed thatonly the T-DNA insertion
corresponding tdine GABI_008D11resulted inthe absence of detable transcripts
(SupportinguFigure 2 Complemented transgeni¢80-7) were therefore generates a
control wia=transformation of the GABI_008D11 mutant wifi4g16800's full-length
cDNA under the control of the 35S promoter (Supporting Figure 2

When grown in 12+ days wild-type, GABI_008D11 and complemente®0-7
(GABI_008D11-35SAt4g16800 cDNA) plants were visually indistinguishable(Figure
4a). Similarlyy no statistically significant differensé silique length, number of seeds per
siligue seed weightand grmination ratewere observed between witype and
GABI_008D11 plants (Supportingable 2). However,when plants were transfed into
darknessfor 10 days,conditions thatare known to promote protein and amino acid
catabolism(Ishizaki et al., 2005, 2006; Engqvist et al., 2010; Peng et al.),281d then
allowed to recover for 15, 30 and 45 dayd2-h days the GABI_008D11 mutandid not
recoverg(kgure 4a). Such a phenotype resembles the accelerated senesespoase to
extended«darkness conditiotizat has been described for mutants of leucine and other
BCAA catabolismin plants(Ishizaki et al., 2005, 2006; Peng et al., 20B88s0 notable is
that he GABI_008D11 mutantdid not display the defestin seed devMepment and
germination.sthat havebeen reported forArabidopsis mutants corresponding to -3
methylerotonyl-CoA carboxylase (6.4.1.4/6.3.4.Eyure 1) (Ding et al., 2032
3-methylglutaconyl€oA hydratase activities wenmeadily detected irgreen (0 day)and
senescent rosetteaves (5 and 10 days of dark treatmeasstvell aseeds of wiletype and

complemented plantg-igure b). As expected35Sdriven overexpression @t4g16800's
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cDNA in thecomplemented mutamésulted in the highest specifctivitiesbothin leaves
and seedg¢figure 4). By contrast.eitherno activity (green and 5 day datkeated leaves
and seeds) or only background activity (10 day derited leaves) were detected ie th
GABI"008D11 knockout (figure B). These datandicate that At4gl1680 is the major,
when not sole, enoyCoA hydrataselisplaying 3-methylglutaconyGoA hydratase activity

in leaves and seeds.

At4g16800 knockout plants display marked defects in the atabolism of BCAA
Consistent”with the absence wisible differences in phenotypebetween wildtype,
GABI_008D11 and complemented mutant plants under standard light regime, the rosette
leaves ofthese plants did not display any statistically significant differences in the levels of
free proteinegenic amino acids whgmownin 12-h days (Figure b By contrast, subjecting
the plantgo 2, 5 and 10 days dfark treatment revealed striking differences in the kinetics
of accumulatiorof severafree amino acidsHigure 5. Most notably, between 2 and 5 days
of dark treamnentleucine,isoleucineand valineaccumulated approximately? to 5.@imes
fastersinstheGABI_008D11 mutant than in the wiliype and the complemented mutant
(Figure 5. After 10 days,the contentof leucine, isoleagine and valine measured in the
leaves ofthe GABI_008D11 mutanteachedapproximately 226 and 2.5fold that of the
controlg, respectively Figure 5. In fact, addedogetherthese 3BCAAs representedfter

10 days of dark treatmeabout 50% of total free amino acids in the knoclkasutompared

to 26 and 1% for the wildtype and complementednutant controls respectively
Meanwhilesmethionine level wa&.3fold higherin theGABI_008D11 mutanthan in the
contrels(Figure 5. All together these changes resultdter 10 days of dark treatmenta
2-fold"increase in the total content fsee amino acids in the leaves of the knockout as
conpared to)those of theontrols Figure 5. In contrast, dartreated SAIL_428 HO1,
SALK_ 07257, and SALK 026612 plantsthat were homozygous for their cognate T
DNA"insertion did not display any statistically significanhcreasein BCAA levds
comparatively to the contr¢Supporting-igure 3, thusconfirmingthat thesel-DNA lines

are not knockouts. These linesre theefore notinvestigated further

The largeincrease in BCAA levels in the leavesddrktreatedknockout plantsvas still

This article is protected by copyright. All rights reserved



visible after acidic hydrolysis of leaf protein extradtee total level of leucine, isoleucine

and valine for the GABI_008D11 plants being 2.2, 1.6 anddld3higher than that of the
controls, respectivelgFigure §. That there was no statistically significant difference in leaf
proteincontentdetween knockowdnd controls plants showdahtsuch anncreasen total
BCAAs in the GABI_008D11line was exclusivelydue to an increase in the frpeols of

these amino acidshe contribution of free leucine, isoleucine and valine to thespective

total pool being38%, 34% and 41% in the knockcag compared t6%, 10% andabout

20% in/the ‘controlsHigures 5, B The profile of free amino acid of seeds harvested from
homozygous knockout, wiltype and complemented plants recapitulated the prominent
difference’ in BCAA content observed in senescing leaves, with leucine, is@earth
valine aceumulating approximately 88, 34, and-faRl their level in the controls,
respectively(Figure 7a). The contribution of BCAAs to total free amino acids was
approximately 10 times higher in the seeds of the GABI_008D11 mutant (49%) than in
those of the wild type (4%) and the cdepented mutant (5%). Besides BCAAs, aspartate,
serine and histidine also displayed consistently higher levels in the GABI_008D11 seeds as
compared-torthe controls; the increase ranging from 2ftdd3or aspartate and serine to
11+old for histidine Figure 7a). Similar to the situation observed in senescing leaves, the
total content of free proteinogenic amino acids in the GABI_008D11 seeds was 1.6 to 3.5
fold higher than that of the controls (Figure.7uch differences, however, ware longer

noticeable after acidic hydrolysigigure 7b).

DISCUSSION

We provideshereomparative genomics, biochemical and genetic eviddratérabidopsis

geneAt4g16800 encodes thenissing 3methylglutaconylCoA hydratasg4.2.1.18)of the

leucine degadation pathwayThis enzymeand its correspondingene werepreviously

known inonly: afew organismgWong andGerlt, 2004;Mack et al., 200&,b; Rodriguez et
al., 2004; most of the literaturéocusing onthe human orthologthe loss of function of
which resuls in metabolic andneurologicaldisorders Di Rosa et al., 2006 Our data
indicate that Arabidopsis 3-methylglutaconylCoA hydratase is targeted to the

mitochondrion which is consistent with the localization of the mammalian enzjviaek
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et al.,, 2006ph Pant mitochondria thus possess the-8dt of enzymes requirefdr the
degradation of leucineat least up to the formation of acetoacetatey
hydroxymethylglutaryl€oA lyase(Taylor et al., 2004

Gene"network reconstructions point to the existence of prominent functional asseciat
between At4g16800 and some components of the respiratory chain, including most
strikingly 5 enzymes involved in the biosynthesis of the redox cofactor ubiquinonee(Figu
la). Because in plants the prenyl saf@in of ubiquinone originates from mevalonate
(Disch et al.;31998 the immediate precursor of which ih@droxy-3methylglutarytCoA,

our data invite the question of whether the mitochondrial pool of this metabolite produced
by 3methylglutaconyl€oA hydratase could contribute to the biosynthesis of ubiquinone.
This scenmario seems a priori plausible, especially in conditions of increased BCAA
catabolismy=for there exists a similar precedent in Trypanosomatidae, which are able to
derive their prenyl precursors from the intact skeleton of leucine (Ginger et al., 2861)
International ,Union of Biochemistry and Molecular Biology has actually classified 3
methylglutaconylCcoA  hydratase as a mevalonate biosyntheticnzyme
(httpwwwiechem.gmul.ac.uk/iubmb/enzyme/reaction/terp/MVA.html). However
quantification of ubiquinone iMrabidopsis seeds and leaves showed no statistically
significant differences betweethe at4g16800 knockout and wildtype control plants
(Suppating Figure 4). These resuligsdicatethatin Arabidopsis 3-methylglutaconylCoA
hydratasaloes not contributeotubiquinone biosynthesand verifythe standardnodel in
which plant mevaloniz is synthesizedxclusiwely in the cytosol(Vranova et al.2013).

With suehashindsight it appearsthat At4g16800 owes its occurrencen the functional
network ofsubiquinone biosynthetic gentsthe fact that electrons originating from the
dehydrogenation of isovaler@loA (1.3.8.4; Figure 1c), &teps upstreanof that catalyzed

by 3methylglutaconyl€oA hydrataseare transferred tabiquinonen the inner membrane

of mitochondriavia the electrotiransfer flavoproteirand electron transfer flavoprotein:
ubiguinone oxidoreductaséshizaki et al., 2005, 20Q0&raujo et al., 2010 Furthermore,

the electrortransfer flavoprotein/electron transfer flavoprotein: ubiquinone oxidoreductase
systemwhich is transcriptionally activated dog darkinduced senescends,also known

to feedto the mitochondrial respiraty chainelectrons generated during phy&osld lysine
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degradation (Buchananollaston et al., 2005shizaki et al., 2005, 200@&raujo et al.,
2010).

Knocking out Arabidopsis 3-methylglutaconylEoA hydratase results not only in the
accumnulation of leucine, but also in that of isoleucine and vafimilar concurrent
increases inthe levels all 3 BCAAs have alsdbeen observed iArabidopsis mutants
corresponding to enzymdscated upstream and downstreanm@&thylglutaconyl€oA
hydratase, i.e. branchethain amino acid transferase 2 (Atlg1007Angelovici et al.,
2013; Peng ‘et al., 2015), subunits of the branebleain keto dehydrogenase complex
(At1g21400, At5g09300, At3gH50, (Peng et al., 20)% isovaleryldCoA dehydrogenase
(At3g45300; Peng et al., 2015; Gu et al., 20),Gubunits A and B of methylcroton@loA
carboxylaser(At1g03090, At4g3403@ing et al., 201p, and hydroxymethyglutaryl-
CoA lyase=(At2926800(Peng et al., 20)h Moreover two enzymes of the valine
degradation  pathway, 3-hydroxyisobutyrate dehydrogenase(At4g20930) and
methylmalonate semialdehyde dehydrogenase (At2g14170), weeently shown to
contributeto isoleucineand leucinecatabolismrespectively(Schertl et al., 2017; Gipson et
al., 204%=0ur datathus agreewith the consensualiew that driven by the structural
similarities.of proteinogenic BCAAs and their catabolic intermedjatlestshave evolved
the capacity to degrade theseetabolitesvia some sharedenzymes (Binder, 2010;
Hildebrandt et al., 2035 Such anarchitecturecontrastsstarkly with that of mammals,
which possess &ully separategpathwayto catabolizevaline (Shimomura et al., 19940f
particular interest inthis dedicatedmetabolic route is the presence ocan enoylCoA
hydratase=(4.2.1.17), called methaghyCoA hydratasewhose catalytic mechanisns
closely=related to that of-@iethylglutaconyl€oA hydratase (4.2.1.18MethacrylytCoA
hydratases thoughtto be critical to mammalian cells ascibnverts methacrylyCoA, a
thiol-reactive) and highly cytotoxic metabolite, inteh@droxyisobutyrylCoA, which is
then irreversiblydeacylatedinto nontoxic 3-hydroxyisobutyrate Brown et al., 1982;
Shimomura efal., 1994; Ishigure et al., 20p1As compounding evidence points to the
existence oharedenzymes in the catabolism all 3 proteinogenic BCAAs iplants it is
tempting to speculate that plantn&thylglutaconyl€oA hydratase moonlights on

methacrylylCoA and preventsits accumulation If so, the dual nature oflagnt 3
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methylglutaconyl€oA hydratasescontributorto the generation of an auxiliary supply of
energy and detoxifyingnzyme might explain in part why its cognate knockout does not
recover from extended darkness conditioihsshould be mentioned, however, thatst
increased sensitivitio prolonged darknesand its associated phenotypeastelerated leaf
senescence ashared here again withther mutantsof BCAA catabolism(Ishizaki et al.,
2005, 2006Araujo et al., 2010Peng et al., 2015Furthermore, mtants impaired in the
catabolism _of glutamate and lysine, which also contribute to energy productioig du
carbonlimiting conditions, also display increased susceptibility to dark treatnj&rdasijo

et al.,, 2010; Miyashita and Good, 2008 he large increase in BCAA levels waalso
observed in dngeeds othe 3methylglutaconyl€oA hydratas&knockout.Such metabolic
changesywhickve attributeto the senescendike processoccurring inthe sed coat during
desiccatiomare congruent with the propogalat BCAA cdabolism inthe tissues of the
ovule may contribute to the energy status of developing seeds (Galili et al., ZD1“lata
show, howeyer, that at least in talled laboratory conditions the presence of 3
methylglutaconyl-CoA hydratase maternal tissues is not vital for seed developmieat,
the findingthat theloss of function of3-methylglutaconyl©oA hydratasebooststotal
BCAAs levels specifically inserescing tissues anwvithout adverseeffects onseed
germination anddevelopment, opena new avenudor breeding and biotecbiogical
strategiesaimed at improving the mutional quality of plantbased food.This is
particularly relevant for leucingéhe supplementation of whidb the diet of farm animals is
known to increase muscle and milk protein synthesis (Dunshea et al., R00%as
Torrazzawetsal., 2010; Zhang et al., 2016).

EXPERIMENTAL PROCEDURES

Bioinformatics

The ATTEDI (Aoki et al.,, 2016) and GeneCAT (Mutwil et al., 2008)e@ression
databases were mined using ArabidopsspiratorygenesAt4g19010, COQ2 (At4g23660),
COQ3 (At2g30920), COQ5 (At5g57300), COQ9 (At1g19140), SPS3 (At2g34630), FP2
(At4g17190), ABC1 (At4g01660), COX5C (At5g61310), COX10 (At2g44520), COX11
(At1g02410), COX15 (At5g56090), COX17 (At3gl15352), COX6B (At1g22450), CB5-A
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(At1g26340), CI76 (At5g37510), FRO1 (At5g67590), MFDX2 (At4g21090), SURF1
(At3g17910), OXAl (At5g62050), HCC1l (At3g08950), ATPQ (At3g52300), ATP3
(At2g33040), ATP5 (At5g13450), mNAD5 (Atmg00513), mNAD7 (Atmg00510). The top
1500 "“coexpressors of each of these gememe then aggregated using jvenn
(http://jvenn.toulouse.inra.fr/app/example.hinbenes that intersected with 6 or more of
the queryrespiratory gerewere selected resulting in a list of 289 coexpres§&eres of
unknowncellular function were isolated frothis subset of coexpressors and individually
subjected topcomparative genomasd coexpression analysdé&okaryotic homologs of
At4g168007and theirrespectivegenomic neighborhood (8 kb upstream awvnstream
totaling 16 kb) were retrieved from the SEED databaséor comparative genomics
(http://pubseed.theseed.orglsing At4g16800 as a queryn BLASTp searh mode
Enzymatiefunction identified inSEED were overlaid on tHeucinedegradation pathway
using KEGG map 00280 (http://www.genome.jp/kegg/pathway.html). The functional
interactions 0fAt4g16800 and of its rice orthologds02g0654100) with BCAA catabolic
genes were minefilom thetop 2000 and top 300 e=xpressoref each of these 2 genes in

ATTED:=lIyrespectively.

Plant material and growth conditions

T-DNA_ insertion mutard SAIL_428 HO01, GABI_008D11, SALK 072957, and
SALK 026612Cwere obtainedfrom the Arabidopsis Biological Resource Center at the
Ohio State UniversityAlonso et al., 2003). Plants were grown on potting mix in a growth
chamber-a22°C in 12h days (10110 uE m? s%) for 4-5 weeks. Dark treatments were
conducted~on % weekold plants for10 days. For recovery experiments, démated
plants were transferred back to-2lays (L1QE mi? s?) light regime forl5, 30, 45 days
For germination assays, seeds were placed on dligen and Skoog solid medium
contaning_sucrose (10/1), stratified for 5 days at 4°@d then transferred at 22°C in-h2
days (240uE mi* s%). Germination wascoredafter 5 daysbased orthe emergence of

cotyledons.

Plant genotypingand RT-PCR analyses
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Arabidopsis mutants originated from the SAIL (Sessions et al.,, 2002), GABt
(Kleinboelting et al., 2012), and SALKAlonso et al., 2003)ollections Plantswere
genotyped using the following combination of  primers.LP1  5-
AGCATCGGTTTGTTCAAACAG3, RP15-AAGCTGGGGAGGATAACACAG-3 and
T-DNA/ specifc LB1 5-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCG3 for
SAIL_428 HO1; LP2 5-TTCCTTTGATACCGATCTCCG3,, RP2 5'-
ACAAACCGATGCTAAGGGAAC-3 and T-DNA specific 08760 5'-
GGGCTACACTGAATTGGTAGCTG3’ for GABI_008D1% LP3 5-
AGACGTTCGAGATAATTGCCG3, RP35-TTGGCAATGTACCCAAAGAAG-3 and
T-DNAspecific LBbl 5*GCGTGGACCGCTTGCTGCAACT’ for SALK_072957 and
SALK _026612C. RT-PCR analyses were performed on total RNA extracted from
Arabidopsisileaves using the RNAeasy PlantriKit (Qiagen). PCR was performed on
cDNAs/ prepared fromL pg of total RNA using the following gene specific primers:
RTfwd, 5-AGAACTATGAGTCCATCTGA-3 (forward) and RTrvs 5
TATTAAGAAGCTTCTGATAACA-3'  (reverse) for At4g16800, and 5'-
CTAAGCTCTCAAGATCAAAGGC-3 (forward) and 5
TTAACATTFGCAAAGAGTTTCAAGG-3' (reverse) for the actin control.

Complementation of the at4g16800 kockout

Full-length_At4g16800 cDNA was sub<loned into plant expression vector pB2GW7
(Karimi‘et al.; 2002under the controbf the 35S promoter using Gateway technoldgye
resulting=eonstruct wathenintroduced intothe GABI_008D11 line using the floral dip
methed(Clough and Bent, 1998), and transformdiits) were selected on soil by
applicationsof glufosinate(120 mg 1') every other dayDetached and dartkeated leaves
of T2 lines were screened WPLC-fluorescence analysis to identify plants having wild
type level ofleucine Homozygous complemented lines were isolated by examihiag
germination ratio of the T3 progein plates containing glufosinate (8@ L™).

Subcellular Localization
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At4g16800 cDNA was amplified minus its stop codon wusing primers- 5
CACCATGAGCTTCGTCAAGTATCTCCG3’ (forward) and 5
ATTGCCAGTGTACAGAGGCTTAZ3' (reverse). This PCR product was cloned into
PENTR/DFTOPO (Invitrogen) and then transferred into pK7FW@®&2rimi et al., 2002
using Gateway technology (Invitrogen), resulting in the creation-tsame fusion of GFP

to the C terminus of At4g16800. This construct was then introducedhgntidbacterium
tumefaciens C58C1 using triparental mating. The transformed cells were therfiltated

into thefabaxial side of the leavesMitotiana benthamiana with an A. tumefaciens strain
harboring“pLN3639 that allowed expression of delNninal fragment of isovalerCoA
dehydrogenase fused to RFP as a marker of mitochonBlack( et al, 2014. N.
benthamianarepidermal cells were imaged by confocal laser scanning microscopy 48 h later
at room=temperature using a Nikon 90i microscope equipped with Plan Apo VC60x WI
DIC N2 optics, a Nikon A1 camera and acquisition software NIS-Element 4.40.00.

Expression of recombinant At4g16800 protein extractions,and enzymatic assays

A truncated-version of the At4g16800 protein lacking its predictéeridinal presequence
(residues_342) was generated by amplification Af4g16800 cDNA with primers 5
CAGTTAGCTAGCGTCAAGCTTAATCGTCTATCTG3 (forward) and 5
GGAATICTCAATTGCCAGTGTACAGAGG3’ (reverse), which contained tindhel and
EcoRlI restriction sites (italicized), respectively. The Nhel/EcdRjested PCR product was
then cloned /ito the corresponding sites of pEZBa (Novagen) resulting in an-frame
fusion of-a=6xHis tag to the-Mrminal end of At4g16800. This construct was introduced in
Escherichiascoli BL21 (DE3) plysS, and protein expression was induced in iRBerdani
medium containing 0.5 mM isopropyl B-D-1-thiogalactopyranoside for 16 h at 18°C. Cells
were harvested by centrifugation and disrupted in phosibhdtered saline (PBS) buffer
(137 mM NaCl, 2.7 mM KCI, 10 mM N#PQO,;, 1.8 mM KH,PO, pH 7.5) using
sonication. Theextract was cleared by centrifugation, and the recombinant protein was
purified under native conditions using-NilrA agarose. The purified enzyme was desalted
on a PDB10 column equilibrated with PBS buffer containing 10% glycerol/yol) and 2
mM DTT. The desalted enzyme was frozen in liquig &hd stored at80°C. Arabidopsis
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rosetteleaves(0.1-0.2g) and seeds (500) were extracted in 2 mL of extraction buffér (

mM KH,>PO,; pH 7.5;10 mM KCI, 2 mM DTT,3% (w/wl) polyvinylpolypyrrolidong

using a pyrex tissue grinder. The grinder was washed twice with 1 mL of extractien buf
and the washes were combined to the initial extract. Samples were thefugeat(i8,000

g for 5/min at 4°C) and the supernatants (2.5 mL) were desalted -d® Blumns GE
Healthcarg pre-equilibrated with 150 mM KKPO, pH 7.5, 10 mM KCI, and 2 mM DTT.

The desalted extracts westoredas aliquotsat-80°C. Assays (10QuL) contained 100 mM
Tris-HCI'(pH'8.0), 10mM EDTA, 1g/L bovine serum albumin-050uM HMG-CoA, and

0.125 ng (purified recombinant enzyme) or-10B8ug of protein (desalted Arabidopsis
extract) Reactions were performed for 5 to 20 min at 30°C. The reaction was terminated by
adding 10"k of 2M HCI. The formation of 3nethylglutaconyl€CoA was quantified by
reversephase HPLC coupled to spectrophotometric detection as previously described
(Loupatty et al., 2004 Kinetic parameters were calculated using curve fitting with- non

linear regression of Rwdio (https://www.rstudio.com).

Amingracidand ubiquinone aalyses

For the quantification ofree amino acidsArabidopsis seeds (300) and rosette leaves- (20
90 mg) were spiked with pL (seeds) or 1QL (leaves) of 2 mMa-aminobutyrate as an
internalistandard and ground using a glagspotter in 30QuL (seeds) or 50QL (leaves)

of 80% (wel/vol) methanol. The potter was then washed with |80Qseeds) or 50QL
(leaves)wof.80% (vol/vol) methanol, and the wash was cordbioghe extractSamples
were then cleared twice by centrifugation (18,000g for 10 min at 4A@)supernatants
(100 uL) were mixed with 60uL of water For the quantification of total amino acids,
Arabidopsis seeds (100) and rosette leav88-120 mg) wee spiked with 5 uL (seeds) or
10 ul (leaves).of 20 mM a-aminobutyrate as an internal standanud ground using pyrex
tissue grindein 300 uL (seeds) or 500 pL (leaves) of extraction buffer containing @M
Tris-HCIlFpH_7.5, 150mM NaCl. Thegrinderwas then washed with the same volume of
extraction buffer and the washes were combined to the initial extRiotein hydrolysis
was performed by mixing 75 pL of protein extract with 225 puL of 8 N HCI i9.&mL

chemical synthesis vial and incubation at 117°C for 243asples wer¢henevaporated
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to dryness with gaseoustrogen at 60°C and resuspended in 1 mL 0.01N H@drolyzed
extracts(1 mL) were then loaded onXbx 5 mm column packed with Dowex 50wx8 100
200 mesltresin (ACROS Organicspre-ativated with 1N HCI. The column was washed
with 5’'mL"of' waterand amino acids were eluted wihml of 1N NH,OH. The eluate was
evaporated to dryness under gaseousahd resuspended in 5Q0. of 50% (vol/vol)
methanol. Anino acids were derivatized withphtaldehyde prior to separation by reverse
phase HPLC on an Agilent Eclipse XBEL8 column coupled to fluorometric detectian a
described in'Noctor et al. (200Amino acids were quantified according to their respective
external standards and corrected for recovery. When necessary samples were diluted with
50% (vel/vol) methanol prior to derivatization, so as for each amino acid level to fit within
the rangestof its corresponding standard curve. Quantification of ubigtBnone
Arabidopsis‘rosette leavesind seeds using reveigkase HPLC separation coupled to
diode array detection was pemfited as previously described (Ducluzeau et al., 012
Proteins_were quantified using the Bradford method with &Ga standard (Bradford,
1976).
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Supporting Figure 1.Expression oAt4g16800 in Arabidopsis organs. Data were retrieved
from the Arabidopsis eFP Browser (http://www.bar.utoronto.ca/efp/cgi-pWel.cgi).
Supporting Figure 2. Molecular characterization at4g16800 T-DNA insertion mutants.
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Supporting Figure 3. Levels of free leucine, isoleucine and valine in the rosette leaves of
wild type (Col0) and TDNA linesSAIL_428 HO01, SALK 072957, and SALK_026612C.
Supporting Figure 4. Ubiquinone levels iMrabidopsisleaves and seeds.

Supporting Table 1. Predictedsubcellular localization of At4g16800.

Supporting Table 2. Phenotypic analysis of wild-type aat#ig16800 knockout plants
Supporting Dataset 1. Correlation ranks and functional annotations mined from the
ATTED-Il and GeneCAT databases.

Supporting Video 1. Timelapse acquisitions of GFRgged At4g16800 transiently

expressediin tobacco epidermal cells.
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FIGURE LEGENDS

Figure 1. Functional network oAt4g16800 and metabolic reconstructior(s) Arabidopsis
genes encoding for ubiquinone biosynthetic enzymes COQ2, COQ3, COQ5, COQ9, and
FPS2 cytechrome C oxidase subunits COX5C, COX11, and COX&EDH-ubiquinone
oxidoreduectase subunits CI76, FRO1, and mNAB&d ATP synthase subunits ATPQ,
ATP5"and ATP3were used as baits to mine the ATTHHDand GeneCAT microarray
databases. Blue, red and black lines denotexpoession detected in ATTED GeneCAT

or both databases, respectively. The gene lists resulting from theseesearcprovided as
Supporting Dataset. Ib) Comparative genomics @t4g16800. Prokaryotic homologs of
At4g16800 and their genomicontext were mined from the SEED databasatdding color

and number indicate homology. Black arrows indicate genes of unknown function or of

function a priori unrelated to leucine degradatiqe) Overlay offunctional assignments
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from SEED on KEGG refrence map 00280. (dixteraction networks reconstituted from

the 2000 top c@xpressors ofAt4g16800 and top 300 c@xpressors of rice ortholog
(Os02g0654100). The annotated gene lists resulting from these searches are provided as
Supporting Dataset. 11, 3methylglutaconyl€oA hydratase (4.2.1.18); Phethylcrotonw

CoA carboxylase (6.4.1.4); 3, hydroxymethylglutaBdA lyase (4.1.3.4); 4, biotin
carboxyl carrier protein of methylcrotor@loA carboxylase; 5, biotin carboxylase of
methylcrotonylCoA carboxylase (6.3.4.14); 6, aceGbA synthetase (6.2.1.16); 7,
isovaleryllCoA dehydrogenase (1.3.8.4); 8-niethyl-20xobutanoate dehydrogenase
(1.2.4.4);79, electron transfer flavoprotein; 10, branettemin amino acid transferase
(2.6.1.42); 11, acetyGoA C-acetyltransferase (2.3.1.9).

Figure 2eSubcelular localization of At4g1680Q(a) Alignment of the Nterminal regions

of At4g16800 and its orthologs in grape vingtis vinifera), chickpea Cicer arietinum),
soybean Glycine max), apple Malus domestica), strawberry Fragaria vesca), potato
(Solanum tuberosum), date pah (Phoenix dactylifera), cucumber Qucumis sativus), rice
(Oryza-sativa), maize Zea mays), sorghum $ bicolor), and they-proteobacterium
Pseudomonas putida. Identical and similar residues are shaded in black and grey,
respectivelyDashes represent gaps introduced to maximize alignifigri€onfocal laser
scanning microscopy imaging of At4g16800inus its stop coderfused to the Nerminus

of GFP and transiently expressed Nicotiana benthamiana epidermal cells.(c) Red
pseudocolp of mitochondrial marker RFRgged isovaleryCoA dehydrogenase €o

infiltrated with At4g16800sFP.(d) Overlay of green and red pseudocolors.

Figure ‘3. In-vitro assays and kinetic properties of recombinant At4g16800. Assays
contained 0.125ug of recombinant At4g16800 andhydroxymethylglutaryl€oA (3
HMG-CoA).at the indicated concentrations, and were carried out-&6r min at 30°C.

Data are,means of 3 replicate$.E.

Figure 4. Phenotypiccharacterizatiorand 3methylglutaconyl€oA hydratase assays
leaves and seed extracta) Phenotypes of weekold wild-type (Cot0), GABI_008D11,
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and complemented 3D plants grown in 1k days (0), transferred into darkness for 2, 5 or
10 days, and then allowed to recover for 15, 30 and 45 dayshrdags (10 uE m? s%).

(b) 3-methylglutaconyl€oA hydratase activityn rosetteleaves and seed extracts of 4
weekold wild-type (Cot0), GABI_008D11, and complemented-3(lants. Green leaves
(0) and senescent leaves (5, 1re harvested on plants grown inhidays and plants
transferred. into darkness for 5 or 10 dagspectivelyData are means of 3 replica&sa
substrate,.concentration of 15M + S.D. Asterisks indicate statistically significant
differenceswith wild-type plants as determined by Fiskeest (p < o = 0.05 from an

analysis of variance.

Figure 5. 'Levels of free proteinogenic amino acidsArabidopsis leaves. Rosette leaves
were collected on 4 weeaid wild-type (Cot0), GABI_008D11, and complemented-30
plants grown in 1zh days (0) and after these plants were transferred into darkness for 2, 5
or 10 days. Values are the means of 3 experimentatadpitt S.D. Asterisks indicate
statistically, significant differences between GABI_008D11 and control -@Caind
complemented 30) plants as determined by Fisher's test (p <0.05) from an analysis

of variance.

Figure 6. Levels of total proteinogeniamino acids inArabidopsis leaves. Rosette leaves
were colleeted on 4 weeNd wild-type (CotO, white bars), GABI_008D11 (grey bars),
and complemented 3D (black bars) plants grown in 42days (0) and after these plants
were transferred to darkness for 10 days. Values are the meand ef@erimental
replicates = _S.D. Asterisks indicate statistically significant differences between
GABI_008D11 and control (Cd) and complemented 30 plants as determined by

Fisher's test{p s = 0.05) from an analysis of variance.
Figure 7~ Levels of freeand total proteinogenic amino acidand protein contenin

Arabidopsis seeds(a) Free proteinogenic amino acidls) Total proteinogenic amino acids

and protein contenialues are the means of 4 experimental repdis+ S.D. Asterisks
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indicate statistically significant differences between GABI_008D11 andatqol-0 and
complemented 30) plants as determined by Fisher's test (p <0.05) from an analysis

of variance.
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