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The first step of peroxisomal fatty acid p-oxidation is
catalyzed by a family of acyl-CoA oxidase isozymes with
distinct fatty acyl-CoA chain-length specificities. Here
we identify a new acyl-CoA oxidase gene from Arabidop-
sis (AtACX3) following the isolation of a promoter-
trapped mutant in which B-glucuronidase expression
was initially detected in the root meristem. In acx3 mu-
tant seedlings medium-chain acyl-CoA oxidase activity
was reduced by 95%, whereas long- and short-chain ac-
tivities were unchanged. Despite this reduction in activ-
ity lipid catabolism and seedling development were not
perturbed. AtACX3 was cloned and expressed in Esche-
richia coli. The recombinant enzyme displayed medium-
chain acyl-CoA substrate specificity. Analysis of p-glu-
curonidase activity in acx3 revealed that, in addition to
constitutive expression in the root axis, AfACX3 is also
up-regulated strongly in the hypocotyl and cotyledons
of germinating seedlings. This suggests that -oxidation
is regulated predominantly at the level of transcription
in germinating oilseeds. After the discovery of AtACX3,
the Arabidopsis acyl-CoA oxidase gene family now com-
prises four isozymes with substrate specificities that
encompass the full range of acyl-CoA chain lengths that
exist in vivo.

Peroxisomal B-oxidation is the primary pathway of fatty acid
catabolism in plants. The pathway plays a fundamental role in
breaking down stored lipid reserves to provide metabolic en-
ergy and carbon skeletons during processes such as oilseed
germination, leaf senescence, and starvation (1, 2). B-Oxidation
may also play a constitutive role in membrane lipid turnover
and be involved in the synthesis of important fatty acid-derived
signals such as jasmonic acid (3) and traumatin (4). Recently
an Arabidopsis mutant (aim1) has been isolated that is defi-
cient in a multifunctional protein isoform (5). The fact that
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aim1 displays an altered inflorescence meristem phenotype has
lead to the suggestion that B-oxidation may be involved in
flower development (5).

Peroxisomal B-oxidation consists of three components: (i)
acyl-CoA oxidase, (ii) the multifunctional protein (which exhib-
its 2-trans-enoyl-CoA hydratase, 1-3-hydroxyacyl-CoA dehy-
drogenase, D-3-hydroxyacyl-CoA epimerase, and A% AZ-enoyl-
CoA isomerase activities), and (iii) L-3-ketoacyl-CoA thiolase.
Together these enzymes are capable of the complete degrada-
tion of both saturated and unsaturated long-chain fatty acyl-
CoAs to acetyl-CoA (6). The process involves the repeated
cleavage of acetate units from the thiol end of the fatty acid.

Acyl-CoA oxidase (ACX,! EC 1.3.3.6) catalyzes the conver-
sion of fatty acyl-CoAs to trans-2-enoyl-CoAs. The reaction
requires FAD as a cofactor, which is subsequently re-oxidized
by O, to form H,0,. This first step is believed to be predomi-
nant in exerting control over the rate of carbon flux through the
pathway (7, 8). Biochemical evidence suggests that plants con-
tain a family of acyl-CoA oxidase isozymes with distinct but
partially overlapping substrate specificities (9-11). ¢cDNA
clones of several acyl-CoA oxidase homologues have been iden-
tified in plants (12-14).

However, direct evidence of their identity has only recently
been obtained by overexpression and characterization of the
recombinant proteins. Hooks et al. (15) have identified and
characterized two long-chain acyl-CoA oxidases from the oil-
seed Arabidopsis thaliana (AtACX1 and AtACX2). The pre-
ferred substrate of AtACX1 is myristoyl-CoA (C14:0), whereas
that of AtACX2 is oleoyl-CoA (C18:1). In addition Hayashi et al.
(16) have recently described a gene (referred to here as At-
ACX4) that encodes an enzyme with specificity for the short-
chain substrate hexanoyl-CoA (C6:0). A comparison of the sub-
strate specificities of known acyl-CoA oxidases from
Arabidopsis suggests that a gene encoding a medium-chain
acyl-CoA oxidase with a preference for decanoyl-CoA (C10:0)
and lauroyl-CoA (C12:0) remains to be discovered (15).

Three acyl-CoA oxidase genes, a multifunctional protein, and
a 3-keto acyl-CoA thiolase are up-regulated co-ordinately dur-

! The abbreviations used are: ACX, acyl-CoA oxidase; T-DNA, trans-
fer DNA; GUS, B-glucuronidase; PCR, polymerase chain reaction;
RACE, rapid amplification of cDNA ends; UTR, untranslated region;
PS, protein signature; 2,4-DB, 2,4-dichlorophenoxybutyric acid; 2,4-D,
2,4-dichlorophenoxyacetic acid; FAD, flavin adenosine dinucleotide;
Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; bp, base
pair(s).
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ing Arabidopsis seed germination and post-germinative
growth, correlating with the period of most rapid fatty acid
degradation (Refs. 15-18, respectively). In addition genes en-
coding glyoxylate cycle and gluconeogenesis enzymes are also
induced during oilseed germination (19, 20). Although tran-
scription is known to play a major role in the regulation of the
glyoxylate cycle (19, 21, 22), the level at which peroxisomal
B-oxidation is regulated has not yet been determined.

The regulation of B-oxidation in plants may be important for
a variety of biotechnological applications. In the majority of
cases where crops have been genetically engineered to produce
novel fatty acids, the accumulation of these products is much
lower than that required for commercial exploitation (23, 24). It
is believed that in these plants the novel fatty acids are syn-
thesized at significant rates but are subsequently degraded by
peroxisomal B-oxidation (25, 26). Moreover, Eccleston and Ohl-
rogge (25) provide evidence that in the case of plants producing
medium-chain fatty acids, medium-chain acyl-CoA oxidase ac-
tivity is up-regulated to facilitate this degradation. The down-
regulation of acyl-CoA oxidases may therefore promote the
accumulation of unusual fatty acids in genetically modified
crops.

In this study we identify and characterize a promoter-
trapped Arabidopsis mutant disrupted in a gene encoding a
new member of the acyl-CoA oxidase family with medium-
chain substrate specificity. This gene is up-regulated at the
level of transcription during seed germination. Combined with
the three genes previously identified and characterized, our
data reveal that Arabidopsis comprises a family of isoforms
that together are capable of utilizing the full range of fatty
acyl-CoA chain lengths present in vivo.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions—A T-DNA-mutagenized A.
thaliana (ecotype Wassilewskija) population consisting of 10,000 lines
(27) transformed with the pGKB5 vector designed for promoter trap-
ping (28) was screened for transformants exhibiting GUS expression in
the roots. Seeds were surface-sterilized and germinated on modified
Hoagland solution (1 mm MgSO,, 2 mMm Ca(NO,),, 1.7 mM KNO,, 0.5 mm
NH,H,PO,, 1.6 mm FeSO,7H,,0, 46.2 um H;BO;, 9.1 um MnCl,, 0.87 um
ZnS0O,, 0.32 um CuSO,, and 1.03 um Na,MoO,) plus 0.8% (w/v) agar.
After 7 days of growth in a 16-h photoperiod (23 °C light/18 °C dark)
seedlings were stained for GUS as described below. For subsequent
analysis of line Rm 328, seeds were germinated in continuous light on
0.8% (w/v) agar plates containing half-strength Murashige and Skoog
media (29) (plus 1% (w/v) sucrose where indicated) at 20 °C after 4 days
of imbibition at 4 °C in the dark. For experiments with etiolated seed-
lings, plates were transferred back to the dark at 20 °C after 30 min
exposure to white light.

Isolation of T-DNA Flanking Sequences—The sequence flanking the
right border of the T-DNA inserts in lines displaying GUS expression in
the roots was obtained by inverse PCR. Genomic DNA was digested
with EcoRI and ligated using T4 DNA ligase. PCR was then carried out
using the primers GUS1 (5'-CCAGACTGAATGCCCACACGCCGTC)
and inverse PCR 2200 (5’-GTATCACCGCGTCTTTGATCGCGTC). The
conditions for amplification were 15 s at 94 °C, 30 s at 65 °C, and 30 s
at 68 °C, repeated 38 times followed by a 2-min extension. The products
were sequenced directly using the nested primer GUS2 (5'-TCACGG-
GTTGGGGTTTCTACAGGAC).

Isolation of cDNA Clones—A partial clone of AtACX3 was isolated
from a AZAPII ¢cDNA library constructed from 3-day-old etiolated hy-
pocotyls (30) by 3" RACE using the gene specific primer ACX3S (5'-
AGGAGTATTTATCACAAACTCTTCAG) in combination with the T7
primer. The library was then screened by colony hybridization accord-
ing to Sambrook et al. (31) using the partial clone as a probe (15). Four
full-length clones were identified and sequenced. RNA was prepared
from 2-day-old seedlings (see below), and the 5’-UTR was mapped by 5’
RACE using the 5 RACE System Version 2 (Life Technologies, Inc.)
following the manufacturer’s protocols. GSP1 and GSP2 were (5'-ACT-
TTACAGCATTACCCCACAGGA) and (5'-GTGATCATAAATCCCGCA-
AACCT), respectively. Three 5' RACE products from separate PCR
reactions were cloned and sequenced.

Expression of AtACX3—One AtACX3 cDNA clone was determined to
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be in-frame with the N terminus of the pBluescript 3-galactosidase gene
and could be expressed as a fusion protein following induction of Esch-
erichia coli XL1-blue MRF™ cells with isopropyl-B-D-thiogalactoside.
Cells were grown at 37 °C to an optical density of 0.5 at 600 nm in Luria
broth media. Isopropyl-B-D-thiogalactoside (0.4 mM) was then added to
the culture, and the cells grown overnight at 28 °C. The culture was
centrifuged at 700 X g for 10 min, and the pellet was resuspended in
extraction buffer (150 mm Tris/HCI, pH 7.5, 10 mMm KC1, 1 mm EDTA, 1
mm dithiothreitol, 10 mm FAD, 10% (v/v) glycerol). The cells were lysed
by sonication using a Soniprep 150 ultrasonic disintegrator (Sanyo
Gallenkamp PLC, Leicester, UK), and cell debris was removed by
centrifugation at 21,000 X g for 10 min. Assays were performed on the
supernatant.

Tissue Extraction and Subcellular Fractionation—Crude tissue ex-
tracts were prepared from approximately 2000 2-day-old seedlings. The
tissue was ground in 1 ml of extraction buffer using a glass homoge-
nizer. The extract was then centrifuged at 13,000 X g for 10 min, and
the supernatant was desalted using a Sephadex G-50 spin column as
described by Hooks et al. (15).

For subcellular fractionation experiments, approximately 10,000
2-day-old seedlings were homogenized in 3 ml of a medium containing:
150 Tricine/KOH, pH 7.5, 1 mm EDTA, 0.5 M sucrose using an Ultra-
Turrax (Janke and Kunkel KG). The homogenate was filtered through
four layers of mira cloth, and 2 ml of homogenate was layered on top of
a gradient consisting of a 1-ml cushion of 60% (w/v) sucrose plus 8 ml of
a 60 to 30% linear sucrose gradient. The gradient was centrifuged at
30,000 X g for 3 h in a Sorvall OTD55B centrifuge using a TST 41.14
swing out rotor. 0.5-ml fractions were removed and assayed for various
enzyme activities. The sucrose concentration of the fractions was deter-
mined using a refractometer.

Enzyme Assays, Histochemical Staining, and Fatty Acid Measure-
ment—ACX assays were performed on plant tissue and bacterial cell
extracts according to the method of Hryb and Hogg (32) using 50 um
acyl-CoAs as substrate. GUS assays and histochemical staining were
carried out as described by Jefferson (33). Catalase and cytochrome ¢
oxidase were assayed according to Takahashi et al. (34) and Denyer and
Smith (35), respectively. Protein content was determined as described
by Bradford (36) using bovine serum albumin as a standard. Fatty acids
were measured using the method of Browse et al. (37).

Northern Analysis, Southern Analysis, and Reverse Transcriptase-
PCR—Total RNA from various tissues was isolated using the Pure-
sceript RNA isolation kit (Flowgen) or the hot phenol method (38). Ten
g of total RNA was separated by electrophoresis using a 1.1% formal-
dehyde gel and alkaline-blotted onto Zeta-Probe membrane (Bio-Rad)
using 50 mM NaOH. Genomic DNA was purified using the Puregene
DNA isolation kit (Flowgen). Three pug of DNA were digested using
EcoRI, separated on a 0.8% agarose gel, and blotted using 0.4 M NaOH.
Probes were prepared from AtACX3 and gusA, and membranes were
hybridized using the digoxygenin system (Roche Molecular Biochemi-
cals) following the manufacturer protocols. Bands were detected using
a Chemilmager (Alpha Innotech Corp.). Reverse transcriptase-PCR
was performed using the Reverse-iT kit from Advanced Biotechnologies
Ltd. The primers used were GUS1, ACX3S, and ACX3A (5'-GAAACAT-
CAGCAACTGCATTCAACQ).

RESULTS

Mutant Isolation—As part of a research program focused on
root-rhizosphere interactions, Arabidopsis promoter trapped
lines that displayed GUS expression in the roots of 7-day-old
seedlings were isolated from the INRA-Versailles T-DNA-mu-
tagenized population (27). Genomic DNA sequences that flank
the right borders of the T-DNAs were obtained by inverse PCR.
One of two inverse PCR products from a line with GUS expres-
sion in the root meristem (Rm 328) was found to be homologous
to acyl-CoA oxidases. These enzymes catalyze the first step in
the pathway of peroxisomal B-oxidation and are known to be
highly active in the root tips of maize (2). This putative acyl-
CoA oxidase was different from those previously identified in
Arabidopsis, and the new gene and mutant were designated
AtACX3 and acx3, respectively.

Cloning of AtACX3—A partial AtACX3 ¢cDNA clone was iso-
lated by performing 3' RACE on a ¢cDNA library constructed
from 3-day-old etiolated seedling hypocotyls (30). This clone
was used as a homologous probe to screen the same library by
colony hybridization. Four full-length cDNAs were isolated and
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acaacgtcactttcttccecggataattgaaateggtgateggaateectagaaatgtegg 60
M 8 D

ataatcgtgcac tcatgtte tcacatactccaatcaaatccte 120
N R A L R R A HV L A NHTIULSGQSNUP P

catcttcga tecetgt ttatgtttgcagtactctccaccggagetca 180
8 8 N P 8 L S R EULUCTULQ Y S P PETULN

tatggattcgatgtcaag t ttacttgacg tgg 240
E 8 ¥ 6 F DV KEMRBRIEKTILTLDGHWNUVYV

tggatcgggactggatttatggactcatga atctgtttaatceg 300
D RDW I Y GL MM Q 8 N L FNRIKE R

gaggaggtaagattttcgtgtegecggattacaat cga tgaga 360
G 6 K I FV S PD Y NOQTMMEQQRETI

tcacaatgaa. gatctgg atggggttt tggt 420
T M K R I W Y L L E N GG V F K G W UL T E
tect: aattagctetgettgaggtttgegggatttatg 480

T G P E A ELIRIKTULAILTLEUVYVTCGTI Y D
atcactccgtctccatcaaagttggtgtgecatttettecctgtggggtaatgetgtaaagt 540
H s VvV 8 I K V 6 V HF F L WGNA AV K F
tgaaaagtggce agaacaccgaagattatgttgtca 600
F 6 T K R H H E K WL KNTETUD YV V K
aggg t tggaagtaatgta gaattgaaacag 660
G C E__Agji_JLAE L G H G 8§ NV R G IETV
t ttat tttgtgataaatactccttgtgaatctgctc 720
T T ¥ D P KT EUETVFV INTUPTCE S A Q
agaagtattggattggtggggcagctaatcatgcaacccacacaattgtgttttcacage 780
K ¥ WI G G A A NUHA AT HTTIUVVF S QL
atcatatcaacggaaccaa tccatgecttta aat ggatcaag 840
H I N G T N Q G V HAF I A QTIRUDOQTD
atggcagcatatg aata gactgtggacacaaaattggtctaaatg 900
G 8 I ¢ P N I R I A D CGHZKI GUL N G
gtgttgacaatggccggatctggtttgataatcttcgaattccaagagagaatttgttga 960
VvV DN @GR I WU FDDNILUZRTIUPRENDNILTLN
atgcagttgctgatgtttegteotgatgggaagtatgttagetcaattaaagatcctgate 1020
A V A DV 8§ 8§ D G K Y V sS 8 I KD PDQ
agagattt ttca ttgactte t attgcatcaagtg 1080
R F 6 A FMAUPULTSGR YV TTIA S S A
caatttattetgcaaaggteggattatctattgetataaggtactcattatcgagaagag 1140
I ¥ S A KV 6L S I A IR Y SL S RUPRA
ccttctotgttacagectaatggtectgaag tccttga cccaagccatcaaa 1200
F $S$ v T A N G P E V L L L D Y P 8 H QR
ggcgactgcetaccactectagcaaagacatatgetatgagttttgetgcaaatgaattga 1260
R L L P L LA KT YA AMSU FA AU ANETL K

acaa

aaaactga

agatgatttacgt acc acaa t ttg agtg 1320
M I ¥ V X R T P E TN KA ATIHV V S 85 G
ggttcaa t atat tt atgtegagaagetg 1380

F K A V L T W HNMHTULQETCTREAYV
teggagggcaaggtgtgaaaacagaaaatctagttggtcagttgaaaggtgaatttgatg 1440
€ 6 9 g VKTENTZLVYVG QLI KGETFTDV
tgcagactacatttgagggtgacaataatgtattgatgcagcaggtgagcaaggegettt 1500
Q T TFEGDNNTVILMOQQV S KA ATLF
tcgctgaatatgtatcgtgtaagaagagaaacaa tggga 1560
A E YV 8§ C KK RNZEKZPTFIE KTGTLGTLE H
acatgaacagt teectgtatt. t t tcatcaaccctcagatgea 1620
M N S P R P VL P T QL T S 8 T LR C 8
gccaat caaatgtgt gett tcttctggagcaatttactt 1680
Q F Q TNV F CL®RETZRTDTLTLETGQTFT S
ctgaagttg ttc aagtc ttctctttectectgagte 1740
E VA QUL QG GURTGE S RETF SV FTILTULS H
atcaacttgctgaagacttaggtaa ttt aagcaatacttcaaaccattt 1800
Q L A E DL G KA FTEI KA ATIULOGQTTITL
tggatgctgaggcaaaactacctactggctcagtaaaggatgtgttgggtettgtaagat 1860
D A EA KLU PTG SV KDV L GUL V R §
caatgtacgcattgatcagcttggaagaagatccatcgttgetgegatatggttacctat 1920
M Y A L I S L E E D P S L L R Y G Y L S
ctcaggataatgttggagatgtgaggagag ttt gtgg. tt c 1980
Q DNV G DV RREUV S KL CGE L R P
tegt tt tt teettettgagtecaattg 2040
H A L A L V T 8 F ¢ I P D S F L 8 P I A
cattcaactgggtcgaagccaatgettggtcttcagtttagttacctgetagtaacaatc 2100
F N WV EA AN AW S5 8 V
tcttccataattcccatatatctcttataaaagttatgtttccacaatatctacagaaac 2160
tgttgtaagctcegtcataataaaagggtatatatgatatgtatccagggtttattcttta 2220
cttaaactggtccaaacaaaaatgtt 2246

caca

Fic. 1. Nucleotide and predicted amino acid sequence of At-
ACX3. Features of the cDNA sequence are underlined. Amino acids
that are common to protein signatures of acyl-CoA dehydrogenase (PS1
and PS2) are double underlined.

sequenced. Finally the 5'-UTR was mapped using 5’ RACE.
The assembled sequence was submitted to the GenBank data
base. The ¢cDNA was 2246 bp long and contained a 2028-bp
putative open reading frame (Fig. 1). The 5’-UTR extended 53
bp 5’ of the start of translation. The 3'-UTR contained a puta-
tive polyadenylation signal (AATAAA) 96 bp 3’ of the stop
codon.

The deduced protein was 675 amino acids long (Fig. 1) with
a calculated molecular mass of 75676.33 Da and an isoelectric
point (pI) of 8.17. Both the molecular weight and pI values are
similar to those of long-chain acyl-CoA oxidases from Arabi-
dopsis (15). A similarity search of available data bases revealed
that expressed sequence tags homologous to AtACX3 (>70%
amino acid identity) are present in a variety of plant species
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Fic. 2. Characterization of the T-DNA copies in acx3. A, a
Southern blot of an EcoRI digest of acx3 genomic DNA probed with
gusA. B, PCR carried out on genomic DNA (2, 4) and ¢cDNA (3, 5) from
acx3 seedlings using primers either 5’ (2, 3) or 3’ (4, 5) to the insertion
in AtACX3 in combination with a gusA-specific primer. 1 = 1-kilobase
(kb) ladder. C, a diagram of the inverted tandem T-DNA repeat inserted
in AtACX3. Lines and bars are introns and exons, respectively. Shaded
bars are copies of the T-DNA. The relative positions of the AtACX3 5’
and 3’ primers and the gusA primer are shown.

including Glycine max and Gossypium hirsutum. Comparison
of the Arabidopsis acyl-CoA oxidase proteins shows that At-
ACX3 shares 28, 23, and 14% identity at the amino acid level
with AtACX2, AtACX1 (15), and AtACX4 (16), respectively. All
four Arabidopsis acyl-CoA oxidases have regions homologous to
the mammalian acyl-CoA dehydrogenase protein signatures
PS1  (G/A/C)L/I/N/M)(S/T)EX,(G/S/A/N)GSDX,(G/S/A))  and
PS2 (Q/E)X,G(G/S)XGL/I/V/M/F/Y)X,(D/E/N)X ,(K/R)X 4(D/E))
(39). In the AtACX3 sequence, 7 of the 9 positions in PS1 and 7
of 8 positions in PS2 are conserved (Fig. 1). Consensus motifs
characteristic of type 1 or 2 peroxisomal targeting signals (14,
40) are not obvious in the AtACX3 amino acid sequence.

Characterization of the acx3 Locus and Expression of gusA—
Southern analysis using a probe to gusA revealed that acx3
contained three copies of the T-DNA (data not shown). As
shown in Fig. 24, one copy was segregated out by back-crossing
acx3. The remaining two copies formed a tandem inverted
repeat inserted in AtACX3. In Fig. 2B this was demonstrated
by a PCR experiment on acx3 genomic DNA. Primers 5’ or 3’
of the site of insertion in AtACX3 were used in combination
with a gusA primer to demonstrate that gusA is present at
both borders. The PCR products were sequenced, and com-
parison with the AtACX3 ¢cDNA sequence revealed that the
insertion is situated in an exon, 806 bp 3’ of the putative start
of transcription.

In Fig. 2B a reverse transcriptase-PCR experiment using the
same primer combinations on RNA from 2-day-old acx3 seed-
lings demonstrated also that the 5’ end of AtACX3 is expressed
in vivo as a gusA transcriptional fusion. In contrast, the gusA
copy bordering the 3’ end of AtACX3 was not expressed. No
product was detected when primers specific to a region of
AtACX3 that is 3’ of the insertion site were used in combination
(data not shown). These data showed that wild type transcripts
are absent from acx3 mutant seedlings.

Phenotypic Analysis—Arabidopsis mutants defective in per-
oxisomal B-oxidation have previously been selected by their
resistance to 2,4-dichlorophenoxybutyric acid (2,4-DB) (18, 41).
This compound is bio-activated to the herbicide and auxin
analogue 2,4-dichlorophenoxyacetic acid (2,4-D) by B-oxidation

0102 ‘T2 18qwialdas uo ‘anbiwouciBy ayoIayday | ap [euoiieN 1Mnsul YEN| e B10°og Mmm wol) papeojumod


http://www.jbc.org/

34378
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I — Wt
=== acx3 (hh)
= gcx3 (Hh)
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2.0 1
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1.0 4

Root length (cm)

0.5

0.0 - -
Control 24-DB 24-D

Fic. 3. Effect of 2,4-DB and 2,4-D on acx3 seedling growth. Root
length of 7-day-old acx3 homozygous (hh), heterozygous (Hh), and wild
type (W¢) seedlings is shown. Values are the mean *= S.E. of measure-
ments made on three separate batches of 25 seedlings. 2,4-DB and
2,4-D concentrations were 1.5 uM and 0.15 uMm, respectively. Sucrose

(1% wi/v) was included in the medium.

(5, 18, 41). To investigate whether acx3 is impaired in B-oxida-
tion, seeds were germinated on media containing 1.5 um 2,4-DB
(41), and root growth was used as an indicator of resistance. As
shown in Fig. 3, homozygous acx3 seedlings were significantly
more resistant to 2,4-DB than the wild type. In contrast, het-
erozygous acx3 seedling were sensitive to 2,4-DB, showing that
the phenotype is recessive (Fig. 3). Both acx3 and wild type
seedlings were susceptible to 2,4-D (Fig. 3).

It has also been demonstrated that the post-germinative
growth of Arabidopsis mutants disrupted in storage lipid
breakdown can be prevented if exogenous sugars are not sup-
plied to the seedling (18, 42). To determine if the germination
or post-germinative growth of acx3 is impaired, the rate of
hypocotyl elongation and fatty acid breakdown were measured
in etiolated seedlings in the absence of exogenous sucrose. The
data in Fig. 4 show that the rate of hypocotyl growth and fatty
acid breakdown were not significantly different from wild type
over the course of 5 days following germination. Furthermore,
no visible vegetative or reproductive phenotype was observed
throughout the life cycle of acx3 plants.

Activity of AtACX3—To investigate whether the acx3 mutant
displayed altered acyl-CoA oxidase activity, the enzyme was
measured in 2-day-old germinating seedlings (Table I). Satu-
rated acyl-CoAs ranging from 4 to 20 carbons in length were
used at a saturating concentration (50 uM). The acx3 mutant
was almost deficient in medium-chain acyl-CoA oxidase activ-
ity (<5% wild type), whereas short- and long-chain activities
were unchanged (Table I). The maximal difference between
mutant and wild type activity was observed using lauroyl-CoA
(C12:0) as substrate (Table I). In wild type seedlings, acyl-CoA
oxidase activity declined with increasing substrate chain
length. Long-chain acyl-CoA oxidase activity was approxi-
mately 8- and 10-fold lower than that of medium- and short-
chain activities, respectively (Table I).

To confirm the function of AtACX3, the cDNA was expressed
in E. coli as a B-galactosidase fusion protein transcribed from
the pBluescript cloning vector upon induction with isopropyl-
B-p-thiogalactoside. As previously reported (15), no inducible
acyl-CoA oxidase activity was observed in extracts of E. coli
harboring pBluescript without insert and endogenous levels of
acyl-CoA oxidase activity were below the limits of detection.
There was also no induction when the AtACX3 cDNA is in the
antisense orientation (data not shown). As shown in Fig. 54,
AtACX3 expressed in the correct orientation encoded a protein
with medium-chain acyl-CoA oxidase activity. The optimum
substrate was lauroyl-CoA (C12:0). No activity was detected
with substrates of chain length greater than C14:0. In Fig. 5B,
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Fic. 4. Post-germinative growth of acx3 mutant seedlings. Hy-
pocotyl length (e ) and total lipid content (bars) of acx3 mutant and wild
type etiolated seedlings grown in the dark on medium without sucrose.
DAI is days after imbibition. Values are the mean * S.E. of measure-
ments made on three separate batches of 25 seedlings.

TABLE I
Acyl-CoA oxidase activity in 2-day-old acx3 and wild type seedlings
Activity was measured using saturated acyl-CoAs of varying chain
length at a saturating concentration of 50 uM. Values are the mean =+
S.E. of measurements made on three separate batches of seedlings. NS,
not significant (p > 0.01).

Substrate Activity Wild type activity
carbon chain minus acx3
length acx3 Wild type activity
nmol mg™! protein min™!
4 6.6 = 0.1 6.6 1.1 NS
6 33.8 = 3.7 429+ 74 NS
8 25 +0.3 148 £ 14 12
10 0.6 =0.1 18.8 = 2.2 18
12 3.6 +13 30.3 =4.3 27
14 55+ 13 96 1.0 4
16 28 +0.1 2.8 0.3 NS
18 24 +0.1 2.5 +0.2 NS
20 24*+02 23*0.2 NS

kinetic analysis of recombinant AtACX3 showed that the ap-
parent K,, value of the enzyme for lauroyl-CoA was 3.7 um. The
optimum pH was between 8.5 and 9.0 and activity was depend-
ent on the provision of the cofactor FAD (data not shown).

Subcellular Localization—To investigate whether AtACX3 is
a peroxisomal protein, the subcellular location of medium-
chain acyl-CoA oxidase activity was determined. The acx3 mu-
tant specifically lacks this activity (Table I), making it a reli-
able marker for the subcellular localization of the protein in
wild type. A homogenate of two-day-old wild type seedlings was
fractionated on a sucrose density gradient by centrifugation to
separate the subcellular compartments. Catalase and cyto-
chrome c oxidase activities were used as peroxisomal and mi-
tochondrial markers, respectively. As shown in Fig. 6, medium-
chain acyl-CoA oxidase activity co-localized with that of
catalase (fraction 16), suggesting that the majority of AtACX3
is located in the peroxisome. Both activities were present in the
supernatant as well as in the peroxisomal fraction. This is
likely to be due to a proportion of the organelles rupturing
during the tissue homogenization step.

Expression of AtACX3—In Fig. 7, Northern blot analysis of
total RNA from imbibed seeds, germinating seedlings, and
various tissues from wild type plants showed that AtACX3 is
expressed at low levels in all tissues but is up-regulated
strongly during germination and leaf senescence. AtACX3 tran-
scripts were detectable in imbibed seeds before radicle emer-
gence. Steady-state AtACX3 mRNA levels increased during
germination to a maximum between 2 and 3 days after imbi-
bition (DAI) and subsequently decreased (Fig. 7A).

The analysis of GUS expression in acx3, displayed in Fig. 84,
revealed that the AtACX:gusA transcriptional fusion is ex-
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Fic. 5. Acyl-CoA oxidase activity of recombinant AtACX3 fu-
sion protein. A, substrate specificity of AtACX3 (M) versus AtACX1
(0), AtACX2 (V) (from Hooks et al. (15)), and AtACX4 (e ) (from Hayashi
et al. (16)). Values are the mean = S.E. of measurements made on three
separate protein extracts. B, saturation kinetics of AtACX3 using lau-
royl-CoA as substrate.
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FiG. 6. Subcellular localization of medium-chain acyl-CoA ox-
idase activity in 2-day-old seedlings. A crude homogenate of 2-day-
old wild type seedlings was fractionated on a sucrose gradient (line),
and the distribution of acyl-CoA oxidase activity using decanoyl-CoA as
substrate (O) was compared with that of catalase (e ) and cytochrome ¢
oxidase (V).

pressed in the cotyledons, hypocotyl, and root tip of young
seedlings. GUS expression in the root axis was constitutive,
whereas the cotyledons and hypocotyl showed transient expres-
sion during early post-germinative growth. This is reflected by
the change in the level of total GUS activity, as shown in Fig.
8B. The activity was detectable before radicle emergence, in-
creased rapidly during germination, peaked at 2 to 3 days after
imbibition (DAI), and then declined (Fig. 8B). This pattern of
expression correlated positively with medium-chain acyl-CoA
oxidase activity in wild type seedlings, although GUS levels in
acx3 declined more slowly after the activity peaked at day 3
(Fig. 8B). The retention of GUS is likely to be a result of the
relative stability of the protein in vivo. An increase in GUS
expression was also observed in senescing leaves (data not
shown).
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Fic. 7. A Northern blot of AfACX3 mRNA in various tissues. A,
germinating seedlings from 0 to 10 days after imbibition. B, young

leaves (L), senescing leaves (S), roots (R), bolts (B), inflorescences (F),
and siliques (P). rRNA is shown as a loading control. kb, kilobases.
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Fic. 8. GUS expression in the acx3 mutant. A, GUS staining
(blue) of 2-day-old seedlings. Scale bar is 1 mm. B, activity of GUS (e )
and medium-chain acyl-CoA oxidase (wild type) (O) measured over the
course of germination. DAI is days after imbibition. Values are the
mean *= S.E. of measurements made on three separate batches of
seedlings.

DISCUSSION

In this study we identify a new member of the ACX gene
family from Arabidopsis using a promoter-trapping strategy.
Hooks et al. (2) previously showed that in maize, acyl-CoA
oxidases are highly active in the root tips. A promoter-less GUS
T-DNA line was identified in which GUS activity was localized
to the root meristem of 7-day-old seedlings. This line contained
an in vivo transcriptional fusion between the gusA gene and
the 5’ end of a new acyl-CoA oxidase homologue designated
AtACX3.

The AtACX3 gene was cloned and characterized. A compar-
ison of the predicted amino acid sequence with those of At-
ACX1, AtACX2 (15), and AtACX4 (16) revealed that AtACX3
shares a significant level of homology (28 -14% identity). Fur-
thermore, all four Arabidopsis acyl-CoA oxidase isoforms con-
tain common motifs that are homologous to the conserved
signatures from mammalian acyl-CoA dehydrogenases (39). It
has been suggested that these regions may be important for
interaction with the substrates (16).

Two independent lines of evidence demonstrated that At-
ACX3 encodes an acyl-CoA oxidase with medium-chain acyl-
CoA substrate specificity. First, the acx3 mutant was specifi-
cally deficient in medium-chain activity, whereas long- and
short-chain activities were normal. Second, when expressed in
E. coli, the recombinant protein displayed maximum activity
using medium-chain acyl-CoAs as a substrate. The K,, value,
pH optima, and cofactor requirements of AtACX3 are very
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similar to those previously reported for both long- and short-
chain acyl-CoA oxidases from Arabidopsis (15, 16).

Subcellular fractionation experiments indicate that AtACX3
is localized to the peroxisome. However, AtACX3 lacks motifs
clearly diagnostic of either PTS1 or PTS2 (14, 40). Both At-
ACX1 and AtACX4 contain a C-terminal type 1 peroxisomal
targeting signal (PTS1), whereas AtACX2 is likely to be tar-
geted via an N-terminal type 2 motif that is cleaved on transit
(PTS2) (15, 16). Further work will be required to establish the
mechanism of AtACX3 import into the peroxisome.

Interestingly, despite containing less than 5% of wild type
medium-chain acyl-CoA oxidase activity, acx3 mutant seeds
were able to germinate, and the seedlings developed normally.
No inhibition of storage lipid breakdown was observed follow-
ing germination. This is in contrast to pedI, a mutant dis-
rupted in a putative 3-keto acyl-CoA thiolase, which is incapa-
ble of post-germinative growth without the provision of
exogenous sugar (16). It is probable that the residual medium-
chain acyl-CoA oxidase activity detected in acx3 is derived from
other acyl-CoA oxidase isoforms whose substrate specificities
partially overlap AtACX3 (15, 16). This activity is very small
but apparently sufficient to allow fatty acid degradation. It can
be concluded that medium-chain acyl-CoA oxidase activity ex-
erts little control over the breakdown of storage lipid in germi-
nating seeds. Long-chain acyl-CoA oxidase activity is about
8-fold less than that of medium-chain acyl-CoA oxidase in wild
type seedlings (Table I) and leaves (26). If acyl-CoA oxidase
plays a significant role in the control of peroxisomal B-oxidation
(7, 8), then long-chain acyl-CoA oxidase is likely to predominate.

Disruption of AtACX3 causes resistance to the pro-herbicide
2,4-DB. This chemical is metabolized to the herbicide (and
auxin analogue) 2,4-D by B-oxidation (5, 18, 41). Long- and
short-chain acyl-CoA oxidase activities are unchanged in acx3,
suggesting that 2,4-DB is perceived as a medium-chain sub-
strate and selectively metabolized by medium-chain acyl-CoA
oxidase in wild type seedlings. acx3 is sensitive to 2,4-DB
concentrations greater than 2 um, whereas a second ped1 mu-
tant allele (pedI-2) is resistant to 10 um 2,4-DB.2 Furthermore
Hayashi et al. (18) report that pedl is a dominant mutation
with respect to 2,4-DB resistance. In contrast, acx3 is recessive.
These differences are consistent with the observation that acx3
retains a low level of medium-chain acyl-CoA oxidase activity
and, therefore, a diminished rather than blocked capacity to
metabolize 2,4-DB.

In addition to constitutive expression in the root tip, AtACX3
was also strongly induced in the cotyledons and hypocotyl of
seedlings during germination and in senescing leaves. These
tissues are highly active in fatty acid breakdown (1). The tem-
poral and spatial pattern of AtACX3 expression is similar to
other Arabidopsis genes encoding enzymes of peroxisomal 3-ox-
idation. These include three additional acyl-CoA oxidase iso-
forms, a multifunctional enzyme (AtMFP2), and a 3-keto acyl-
CoA thiolase (Refs. 15-18, respectively). However, not all the
genes of B-oxidation are co-ordinately expressed during germi-
nation. For example AtMFP]1 transcripts are more abundant in
mature plant tissues than in young seedlings (5).

The glyoxylate-cycle enzymes malate synthase and isocitrate
lyase are co-ordinately induced during Arabidopsis seed germi-
nation (42). Reporter gene fusion experiments with both MS
and ICL have revealed that the induction of the glyoxylate
cycle occurs at the level of transcription in germinating oilseeds
(19, 21, 22). Importantly, in this study the activity of the GUS
reporter in acx3 correlated positively with medium-chain acyl-
CoA oxidase activity levels during germination and early post-

2P. J. Eastmond and I. A. Graham, unpublished results.
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germinative growth in the wild type, showing that AtACX3 is
also transcriptionally regulated. This is the first demonstration
that an enzyme of peroxisomal B-oxidation is primarily con-
trolled at the level of transcription during germination.

In mammals and yeast the enzymes of peroxisomal p-oxida-
tion are co-ordinately regulated by lipid-based signals (either
free fatty acids or acyl-CoAs) (43—45). This regulation is medi-
ated via transcription but in each case involves a unique signal
transduction pathway (43, 44, 46). Recently Eccleston and Ohl-
rogge (25) reported that, in transgenic Brassica napus embryos
engineered to synthesize unusual medium-chain fatty acids,
the activity of medium-chain acyl-CoA oxidase is up-regulated.
It will be interesting to establish if metabolic signaling from
fatty acids (or acyl-CoAs) regulates peroxisomal p-oxidation in
higher plants. Alternatively, different mechanisms may oper-
ate that involve unique plant signaling molecules.

In conclusion we identified and characterized a promoter
trapped Arabidopsis mutant disrupted in a gene encoding a
new member of the acyl-CoA oxidase family with medium-
chain substrate specificity. This enzyme is induced transcrip-
tionally during germination and is also expressed constitu-
tively in the root axis. The discovery of AtACXS3 fills a gap in
our knowledge of the acyl-CoA oxidase gene family that was
apparent from a comparison of the substrate specificities of
previously characterized genes (15). In combination, the four
acyl-CoA oxidase isoforms identified to date can metabolize a
broad range of acyl-CoA chain lengths (C4:0 to C22:0). It will be
interesting to determine if this gene family is now complete or
whether new acyl-CoA oxidase isoforms have yet to be identi-
fied in Arabidopsis.
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