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Two members of the acyl-CoA oxidase family from Arabidopsis

thaliana have been cloned, overexpressed, puri®ed and crystallized.

Long-chain-speci®c acyl-CoA oxidase 1 crystals are characterized by

a large variation in diffraction quality and non-isomorphous unit-cell

parameters. The best crystals diffract to 2.0 AÊ using synchrotron

radiation, have unit-cell parameters a = 85.2, b = 117.0, c = 131.0 AÊ ,

� = � =  = 90� and show P212121 symmetry. There are two

polypeptide chains in the asymmetric unit. Short-chain-speci®c acyl-

CoA oxidase 4 crystals are trigonal, space group P3121/P3221, with

unit-cell parameters a = b = 198.7, c = 149.6 AÊ . The crystals are most

likely to contain six polypeptide chains in the asymmetric unit.

Freshly prepared acyl-CoA oxidase 4 crystals diffract to 3.9 AÊ at

cryogenic temperature at beamline I711, Max-Lab, but the diffraction

quality degenerates after storage for only a few days in the

crystallization drop. A selenomethionine-substituted form of the

protein was produced and two-wavelength MAD data were collected

at beamline BW7A, EMBL Outstation, Hamburg.
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1. Introduction

Mammals require both a mitochondrial and a

peroxisomal system for lipid �-oxidation

(Mannaerts & Debeer, 1982; Tolbert, 1981),

but plants are able to completely degrade fatty

acids within the peroxisomes, giving an ef®-

cient usage of stored lipids, which is especially

bene®cial during germination and apoptotic

processes (Gerhardt, 1992). Peroxisomal

�-oxidation leads to the formation of acetyl-

CoA through an iterative removal of C2 units

from acyl-CoAs (Lazarow & De Duve, 1976).

This process directs fatty acids to gluconeo-

genesis, although the entire conversion of

reserve oil to sucrose after germination

involves several pathways and many enzymes

within different subcellular compartments

(Kindl, 1987). The ®rst and rate-limiting step in

peroxisomal fatty-acid �-oxidation is catalyzed

by acyl-CoA oxidases (ACXs; EC 1.3.3.6).

These ¯avin adenine dinucleotide (FAD)

containing enzymes are responsible for the

conversion of acyl-CoA to trans-2-enoyl-CoA

(Hashimoto, 1996). Catalysis is a two-step

reaction, the ®rst step being an oxidative

introduction of a double bond between C

atoms 2 and 3, resulting in the production of

trans-2-enoyl-CoA and reduction of the FAD

cofactor. In the oxidative half-reaction,

FADHÿ donates a hydride ion to molecular

oxygen, resulting in the formation of H2O2

(Fig. 1). The ACX family belongs to the same

superfamily as the acyl-CoA dehydrogenase

family (ACAD; EC 1.3.99.3) that catalyze the

equivalent reaction in mitochondria (Kunau et

al., 1995). In ACAD the re-oxidation of

FADHÿ is achieved by electron transfer to

Figure 1
Reaction catalyzed by ACX.
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another ¯avoprotein, from which the elec-

trons are canalized to the mitochondrial

respiratory chain.

Biochemical, physiological and metabolic

studies suggest that it is a general property

of plants to contain genes that encode

several or a family of ACX enzymes

(Hayashi et al., 1998; Hooks et al., 1996).

Within this ACX family, each isozyme seems

to be devoted to the oxidation of acyl-CoAs

of speci®c chain lengths (Kirsch et al., 1987).

So far, four different ACXs have been

identi®ed in the model oil-seed plant

Arabidopsis thaliana (Froman et al., 2000;

Hayashi et al., 1999; Hooks et al., 1999).

Presently, we are investigating the struc-

tures of A. thaliana ACX1 and ACX4. ACX1

has previously been isolated as a homodimer

with subunits comprising 664 amino acids

and having a molecular weight of 75 kDa

(Hooks et al., 1999). It is active on both

medium- and long-chain saturated fatty acyl-

CoAs, with maximum activity on C14-CoA

(Hooks et al., 1999). ACX4 is a short-chain-

speci®c ACX that shows maximal activity on

C6-CoA (Hayashi et al., 2002). Phylogenetic

studies show that ACX4 is more closely

related to the mitochondrial ACADs than to

other ACXs and, like the ACADs, ACX4

has been characterized as a homotetrameric

enzyme (Hayashi et al., 1999).

While the enzymology and structural

properties of ACADs have been thoroughly

investigated (for reviews, see Ghisla &

Thorpe, 2004; Kim & Miura, 2004), little is

known about ACXs and only a single ACX

structure has been reported: that of rat ACX

(Nakajima et al., 2002). The sequence iden-

tities between rat acyl-CoA oxidase and

ACX1 and ACX4 are 42 and 12%, respec-

tively. Further structural studies of different

ACX enzymes are needed in order to

understand the differences in lipid oxidation

between species, the reaction mechanism of

this particular class of enzymes, the struc-

tural basis of their substrate preferences and

the relation to the ACAD-catalyzed reac-

tion.

2. Experimental

2.1. Gene cloning and expression

The A. thaliana gene encoding ACX1

(Genbank accession No. AY058849) was

obtained from the Riken BioResource

Center, Japan (clone No. RAFL09-09-K15).

The full-length intron-free ACX1 gene was

ampli®ed by polymerase chain reaction

(PCR) using the primers 50-CTATCGCCA-

TATGGCGGTGCTTTCATCT-30 and 50-
GCTATCTCGAGCTTGTCGTCGTCGTCG-

AGACGGCTACGTGTACGCGGT-30 and

the proof-reading DynaZyme polymerase

(Finnzymes). The resultant fragment was cut

with restriction enzymes AseI and NotI

(New England Biolabs). NdeI and NotI

restriction sites were used for cloning the

PCR product into the pET24a expression

vector (Novagen), followed by transforma-

tion of Escherichia coli BL21(DE3) with the

resulting plasmid.

Selected clones were grown aerobically in

Luria±Bertani (LB) media containing

50 mg mlÿ1 kanamycin at 310 K to an OD600

of 0.4. At this point, the cells were cooled on

ice until the temperature of the culture

reached 277 K. The cells were then incu-

bated at 283 K and protein expression was

induced by the addition of isopropyl-�-d-

thiogalactopyranoside (IPTG) to a ®nal

concentration of 0.4 mM. Addition of an

equal amount of IPTG was repeated at 12 h

intervals over a period of 3±5 d. A yield of

1 mg of soluble ACX1 per litre of cell

culture was obtained by cold expression,

while conventional 310 K expression only

resulted in the production of insoluble

protein. Cells were harvested by centrifu-

gation, resuspended in buffer A [20 mM

HEPES pH 7.0, 500 mM NaCl, 10 mM

FAD, 0.1 mM phenylmethylsulfonyl ¯uoride

(PMSF)] and disrupted by sonication. Cell

debris was removed by centrifugation at

20 000g for 60 min. ACX1 was puri®ed from

the supernatant by chromatography on a

Hi-trap nickel-chelating column (Amersham

Biotech) equilibrated in buffer A which,

adjusted to 500 mM imidazole, was used for

elution of the protein. After dialysis against

buffer B (20 mM HEPES pH 7.0, 150 mM

NaCl, 10 mM FAD) and concentration to a

®nal volume of 5 ml, the protein pool was

loaded onto an equilibrated Superdex 75

column and eluted at a rate of

0.25 ml minÿ1. The peak pool was diluted

threefold with crystallization buffer (20 mM

HEPES pH 7.0, 10 mM FAD) and concen-

trated to a ®nal concentration of 8 mg mlÿ1

in a Centriprep YM-30 device (Millipore).

The purity of the ACX1 preparation was

estimated to be higher than 95% from an

overloaded SDS±PAGE and the ®nal yield

of pure recombinant ACX1 was 0.2 mg per

litre of cell culture. Gel-®ltration experi-

ments indicate dimer-formation of the

recombinant His-tagged protein and veri®-

cation of ACX1 activity was performed

using a peroxidase-coupled assay (Gerhardt,

1987) with 25 mM palmitoyl-CoA as

substrate.

The ACX4-encoding gene was ampli®ed

by PCR using a cDNA clone (GenBank

accession No. T46525) obtained from the

Arabidopsis Biological Resource Center as

template. The primers 50-GAGGCGAT-

TATTATGGAAGGAATTGATCACCTC-

GCC-30 and 50-GAATTGCGGCCGCTCA-

GTGATGGTGATGGTGATGGAGGCTA-

GCGGTACGAAG-30, where the reverse

primer encodes an enterokinase-cleavable

C-terminal 6�His tag, were used for ampli-

®cation. The ampli®ed DNA was inserted

into the pET24a vector using NdeI and XhoI

restriction sites. The resulting plasmid was

transformed into E. coli BL21(DE3) and the

cells were grown in LB medium at 310 K.

Protein expression was induced at an OD600

of 0.6±0.8 by the addition of IPTG to a ®nal

concentration of 0.5 mM. The yield of

soluble ACX4 was 15 mg per litre of cell

culture after a 3 h induction period.

Harvested cells were resuspended in buffer

A and disrupted by ten sonication intervals

of 30 s interspersed with 30 s intervals

without sonication. Cell debris was removed

by centrifugation at 20 000g for 60 min. The

supernatant was applied onto a 5 ml Hi-trap

Ni-chelating column (Amersham Bio-

sciences) washed with buffer A containing

30 mM imidazole. The protein was eluted

with 1 M imidazole in buffer A and dialyzed

overnight against buffer C (20 mM HEPES

pH 7.8, 10 mM FAD) and concentrated to

10 ml, after which ACX4 was puri®ed to

homogeneity by size-exclusion chroma-

tography on Superdex-75 eluted at

0.25 ml minÿ1. Enterokinase (EK) cleavage

of ACX4 was performed after the Ni-

chelating af®nity chromatography step by

incubating ACX4 with EK in a ratio of

20:1 at 293 K for 24 h while dialyzing

against buffer C. Cleaved ACX4 was

obtained from the ¯owthough after a second

Ni-chelating af®nity chromatography step

followed by gel-®ltration chromatography,

yielding 9 mg pure protein per litre of

cultured cells.

Incorporation of selenomethionine into

ACX4 was obtained by expressing the

protein in the B834(DE3) strain de®cient in

methionine synthesis. The media contained

1 mg lÿ1 of the vitamins ribo¯avin, niacin-

amide, pyridoxine and thiamine, 40 mg lÿ1

of all amino acids except methionine,

40 mg lÿ1 seleno-l-methionine, 25 mg lÿ1

FeSO4, 0.4% glucose, 2 mM MgSO4, 2 g lÿ1

NH4Cl, 6 g lÿ1 KH2PO4, 25.6 g lÿ1

NaPO4.7H2O and 5% LB media. Protein

expression was induced when the culture

reached the exponential stage and was

allowed to continue for 8 h. The C-terminal

histidine tag was not removed before crys-

tallization because of the lower yields of

selenomethionine-substituted ACX4 (5 mg

per litre of cell culture). The ®nal yield of
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pure selenomethionine-substituted ACX4

was 2.0 mg per litre of cell culture.

2.2. Crystallization

All crystallization trials were carried out

at 293 K using the hanging-drop vapour-

diffusion method (McPherson, 1999). The

search for initial crystallization conditions

was performed using Hampton Research

Crystal Screens I and II (Jancarik & Kim,

1991) with drops consisting of 2.0 ml protein

solution at various concentrations mixed

with 2.0 ml reservoir solution equilibrated

against 500 ml reservoir solution.

Needle-shaped ACX1 crystals, observed

after 1 d with a protein solution of

8 mg mlÿ1 and a reservoir consisting of

0.2 M calcium acetate, 0.1 M sodium caco-

dylate pH 6.5, 18% PEG 8000, were

optimized by lowering the precipitant

concentration to 14±16% PEG 8000. The

crystals were incubated in mother-liquor

solution containing 25% glycerol for 1 min

for cryoprotection. Several crystals were

soaked for 20±30 min in mother liquor

containing 20 mM K2PtCl4 for heavy-atom

derivatization before cryoprotection and

¯ash-cooling in liquid N2 in a cryoloop

(Hampton Research).

ACX4 crystallization resulted in thin

needle-like crystals that could be optimized

to single hexagonal rods using a reservoir

solution of 0.1 M bis-tris propane pH 7.0,

4±8% PEG 8000 and 6±10% glycerol. A

protein concentration of 2±6 mg mlÿ1 was

used. Prior to mounting the crystals at

100 K, the crystals were transferred stepwise

to mother-liquor drops containing 15, 20, 25

and 30% glycerol.

2.3. Data collection

Data sets from two K2PtCl4-derivative

ACX1 crystals were collected at 120 K using

synchrotron radiation at beamline I711,

Max-Lab, University of Lund on a MAR

CCD detector. The exposure time used was

10 min per degree of rotation around ' and

3 min per degree of rotation around ',

respectively (Table 1).

Data from a native ACX4 crystal were

collected at the same beamline, exposing the

crystals for 4 min per degree of rotation

around ', while data at two wavelengths

were collected from a selenomethionine-

substituted crystal at beamline BW7A,

EMBL Outstation Hamburg, also on a

MAR CCD detector. A constant dose was

used for the selenomethionine data collec-

tion. Processing and scaling were accom-

plished with MOSFLM (Leslie, 1999) and

SCALA (Collaborative Computational

Project, Number 4, 1994).

3. Results and discussion

ACX1 crystals of dimensions 500 � 150 �
100 mm could be produced within 3±4 d

(Fig. 2a). The crystals are characterized by a

large variation in diffraction properties even

within the same crystallization drop and

despite there being no apparent differences

between the crystals on the macroscopic

level. Several cryoprotectants were tested

and only addition of 25% glycerol to the

mother liquor proved successful. ACX1

crystals crystallized under identical condi-

tions and cryoprotected in a similar way still

showed up to 5.2 AÊ variation in unit-cell

parameters. All crystals belong to space

group P212121, with unit-cell parameters

a = 85.2, b = 117.0, c = 131.0 AÊ . The

Matthews coef®cient (VM) of these crystals

is 2.23 AÊ 3 Daÿ1, with a corresponding

solvent content of 44.5% assuming two

molecules in the asymmetric unit. Two

molecular-replacement solutions were

obtained from a 3.0 AÊ K2PtCl4-derivative

data set using the middle and C-terminal

domains of the rat acyl-CoA oxidase II

structure (Nakajima et al., 2002) as search

models in the program MOLREP (Vagin &

Teplyakov, 1997). Rat acyl-CoA oxidase II

has 42% amino-acid sequence identity to A.

thaliana ACX1. Completion of the structural

model was not possible owing to a lack of

interpretable density for approximately half

of the molecule. The partial ACX1 structure

Table 1
Data-collection statistics.

Values in parentheses are for the last resolution shell.

Data set ACX1 K2PtCl4 ACX1 K2PtCl4 ACX4 native ACX4 in¯ection ACX4 peak

Beamline I711, Max-Lab I711, Max-Lab I711, Max-Lab BW7A, EMBL
Outstation, Hamburg

BW7A, EMBL
Outstation, Hamburg

Space group P212121 P212121 P3121/P3221 P3121/P3221 P3121/P3221
Unit-cell parameters

a (AÊ ) 86.0 85.2 198.6 197.4 198.03
b (AÊ ) 117.0 117.0 198.6 197.4 198.03
c (AÊ ) 131.7 131.0 150.4 150.5 150.5

Wavelength (AÊ ) 1.097 1.098 1.008 0.9783 0.9775
Resolution range (AÊ ) 30±3.0 (3.2±3.0) 40.5±2.0 (2.1±2.0) 30±3.9 (4.1±3.9) 59.7±4.5 (4.7±4.5) 59.7±4.2 (4.5±4.2)
No. unique re¯ections 26650 88554 27647 20450 29171
Multiplicity 3.5 (2.7) 2.3 (2.1) 9.2 (9.2) 5.5 (5.6) 11.5 (11.6)
Completeness (%) 91.8 (91.5) 95.8 (95.2) 99.8 (99.9) 100 (100) 100 (100)
Rmerge² 0.15 (0.54) 0.11 (0.49) 0.15 (0.32) 0.28 (0.59) 0.37 (0.70)
Mean I/�(I) 6.4 (2.0) 7.4 (2.0) 7.4 (2.0) 2.4 (1.2) 2.2 (1.0)

² Rmerge =
P

hkl

P
i jIhkl;i ÿ hIhklij=

P
hkl

P
i Ihkl;i , where I is the observed intensity and hIi is the average intensity for multiple measurements.

Figure 2
Crystals of recombinant A. thaliana ACXs. (a) ACX1 crystals obtained from 0.2 M calcium acetate, 0.1 M sodium
cacodylate pH 6.5 and 18% PEG 8000. (b) ACX4 crystals obtained from 0.1 M bis-tris propane pH 7.0, 4% PEG
8000 and 8% glycerol.
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was used as search model in AMoRe

(Navaza, 1994) against a 2.0 AÊ platinum-

derivative data set (using the 12.0±3.5 AÊ

resolution shell), resulting in two molecular-

replacement solutions. After rigid-body

re®nement of the two molecules in the

asymmetric unit, the R factor was 0.485 and

the correlation coef®cient was 50.5. An

initial structural model of 840 residues in 45

fragments was autobuilt using ARP/wARP

(Perrakis et al., 1999). Re®nement of the

structure is currently in progress.

ACX4 crystals grew to maximum dimen-

sions of 100 � 50 � 50 mm within one week

(Fig. 2b). Crystals obtained under identical

conditions, although similar in size and

morphology, exhibited large variations in

diffraction quality. No diffraction could be

observed if the crystals were kept in the

drops for longer than 3 d. Both native

and selenomethionine-substituted crystals

belong to space group P3121/P3221.

Assuming four molecules per asymmetric

unit results in a VM of 4.35 AÊ 3 Daÿ1 and a

solvent content of 71.7%; six molecules gives

a VM of 2.48 AÊ 3 Daÿ1 and a solvent content

of 50.5%, while eight molecules would result

in a VM of 2.17 AÊ 3 Daÿ1 and a solvent

content of 43.4%. The VM of 2.48 AÊ 3 Daÿ1

for six molecules per asymmetric unit solu-

tion best ®ts the observed VM distribution in

protein crystals (Matthews, 1968). The self-

rotation function has only point-group-

speci®c peaks, but the native Patterson map

calculated for 10±4 AÊ data has a weak but

signi®cant 9� translational symmetry peak

at (0.32, 0.68, 0.61) and a 7� peak at (0.67,

0.33, 0.25). Attempts to solve the structure

of ACX4 by molecular replacement using

the complete structures or domains from

medium-chain acyl-CoA dehydrogenase

(Kim et al., 1993), buturyl-CoA dehydro-

genase (Djordjevic et al., 1995), isovaleryl

dehydrogenase (Tiffany et al., 1997) or short-

chain acyl-CoA dehydrogenase (Battaile et

al., 2002) were unsuccessful. The sequence

identity between A. thaliana ACX4 and the

ACADs is only �20%, while its identity to

other ACXs is below 15%, making the

selection of a common structural motif

dif®cult. Production of selenomethionine-

substituted crystals was initiated in order

to obtain phase information for ACX4

diffraction. The selenomethionine ACX4

crystals are isomorphous with native

ACX4 crystals, making it possible to

combine the native data set with the two

wavelengths collected on a selenomethio-

nine-substituted crystal for MAD phasing.

The low resolution of the selenomethionine

data combined with low data quality gives a

very weak anomalous signal. This makes the

search for the 102 anomalous scatters dif®-

cult and additional phase information will be

needed in order to solve the structure.
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