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SUMMARY

To study the function of acyl-CoA oxidase in an n-alkane-assimilating yeast, Candida maltosa, we isolated the POX2
gene which is a member of the acyl-CoA oxidase gene family. POX2 had a 2172-bp open reading frame (ORF) encoding
an approx. 84-kDa polypeptide (724 amino acids (aa)) and was contiguous to POX4, another member of the acyl-CoA
oxidase gene family on the same chromosomal DNA in a convergent arrangement. Northern blot analysis revealed that
the expression of POX2 was induced in cells grown on oleic acid, n-tetradecanol and n-tetradecane. By using a gene-
disruption technique, we constructed strains (termed P2DD and P4DD) in which both alleles of POX2 and POX4 were
disrupted. The P2DD strain was normal in assimilation of various hydrophobic carbon sources, such as n-tetradecane,
n-tetradecanol and oleic acid. In contrast, the P4DD strain was defective in its ability to grow on such hydrophobic

carbon sources.

INTRODUCTION

The transfer of Candida maltesa (Cm) cells from glu-
cose-medium to n-alkane medium causes the inductien
of various enzymes and proteins (Gallo et al, 1973;
Sunairi et al, 1984) and alteration in the amounts of
endoplasmic reticulam and peroxisomes in which these
enzymes are located. This yeast provides a good model
to investigate the mechanism oi regulation of expression
of genes involved in assimilation of hydrophobic com-
pounds. We have already cloned several genes of Cm
involved in the initial step of n-alkane assimilation such
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as cytochrome P-450 species (Takagi et al, 1989;
Ohkuma et al., 1991).

Peroxisomes of the yeast C. tropicalis (Ct) are responsi-
ble for B-oxidation of fatty acids (Kawamoto et al., 1978)
and more than 18 different proteins (PXPs) are induced
in the presence of oleic acid (Kamiryo et al, 1982).
Among these polypeptides, PXP2, PXP4 and PXP5 were
identified as distinct long-chain acyl-CoA oxidases and
the genes encoding these polypeptides were also cloned
{Okazaki et al., 1986; 1987). Recently, Picataggio et al
(1991) described the sequential disruption of acyl-CoA
oxidase genes (POX4 and POX5)in Ct to show the genes
are essential to utilize alkanes or fatty acids as a carbon
sources. They also reported an efficient accumulation of
dicarboxylic acid from a substrate (alkane or fatty acid)
in these disruptants (Picataggio et al., 1992). In contrast
to the importance of POX 4 and POX5 in alkane assimila-
tion, the properties and function of POX 2 gene are largely
unknown. The present study describes the molecular
cloning and characterization of Cim POX2 and POX4
genes. We also examined the importance of these genes
in n-tetradecane, n-tetradecanol and oleic acid assimita-
tion in Cm by using a gene-disruption technique. -
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EXPERIMENTAL AND DISCUSSION

(a) Cloning and nt sequence of Cm POX2

We screened the genomic hibrary of Cm using the 1.5-kb
BamHI-Sall fragment which contains the 3 half of Ct
POX4 gene as a hybridization probe (Okazaki et al.,
1986). From a positive clone, we identified 2.4-kb and
4.4-kb Dral genomic DNA fragmenis that had high sim-
ilarity to the Ct POX2 and POX4 genes, respectively.

The complete nt sequence of Cm POX4 gene was
already reported by Hill et al. (1988), so we performed
complete sequencing of the POX2 gene of Cm (Fig. 1). A
typical TATA consensus sequence, TATAAA, was present
around nt — 120 relative to the ATG start codon. A single
2172-nt ORF was shown and a polypeptide of 84 kDa
(724 aa) was predicted. The POX 2 structural gene had
82% identity on the nt level and 85% identity on the aa
level to its Ct counterpart. The POX4 and POX5 genes
of Ct exhibited 52% and 48% identity on the deduced
amino acid level to the Cm POX2 gene.

(b) Arrangement of POX genes and expression on various
carbon sources

In Ct, there were three genes (POX 2, POX4 and POX5)
encoding acyl-CoA oxidase and they formed a muitigene
family (Okazaki et al., 1986; 1987). As shown in Fig. 2A,
the sequence analysis revealed that the Cm POX2 gene
was linked to Cm POX4 gene in a convergent arrange-
ment like those of Ct.

We carried out Northern blot analysis of Cm POX
mRNAs. As shown in Fig. 2B, the POX2 mRNA was
expressed in n-tetradecane-, n-tetradecanol- and oleic
acid-grown cells (lanes 2, 3 and 4), while it was not
cxpressed in glucose- and glycerol-grown ceils (lane 1 and
5). Similar results were also obtained with POX4 gene
(data not shown).

{c) Disruption of POX genes

Since Cm has a diploid genome, two alleles of each
gene should be disrupted to construct the strain that lost
the function of the gene. A Cm adenine and histidine

-444 ATCAATAGATAGACCCAACTACAATTCTTC TATT TC TCT TCCAAGTCG CTTTTT TTAACAGATAGT TG TGCAAAC TTITTC T TT TCAAAAG TAC TCCAARGACCARAAR TTCGCAC RAAAATTTCC, FATTGSGTT AAACTTCTA
=300 TGGGGGACACTCOCCAATCACCAAAATG CACTTATACTTTTTTTITTTCATCCACAAAGAARAAAAAAGGCC GCCCAGCTCAAATG AMAAMAAGCSCC TTTCTATACACAACCOTGCCEATC AAMATT CAR L TATCAACAATAGCTAGT
-15C TTAATATTTAAAAATACTGATATCCC I T TATAAAT AR T T T TG A T AR T T T T T T I T T T T T I T T T T T T T AT T T T T CAAG TC TCCATACTT T IT CTC TT T TT T TT T TATATT TAT TTC TTATTT ATC TATACTTAACTCACS

1 ATGGCTTTGATTTCAAACTTAAAGGATGAATACSATCATCCAACTAARACAGACCCAGATACCAACCCAAMMATTGTCGCTGATATAATTTC TTC TAAAGAA CCACCTCAACCATCTC AAGATG TTGC TCAACAARCGAAGCTCGTACTGAT
1M AL I 5 N L KDL EJYTUDWHU®PTXTTODUPDTNU®P®PHKTIVADIILIS$SUKETZPZPUG QE®?PSOQDVV AETERSUZBERETD

151 TGGGACTTCAAAGAAATCGCACCAATTCTTCCAAGC TGACCAAGCTAA TCTGAAGAAATTTTAAGA TG TATCARTCCATTGAACGTGATCCAATTTTGCAAACTAGA CCAGAACAATTCGACTACACCAAC AACGAAGAAAGAGAATCT
51" D L X EMHETFLEGDTEA ALIKTSETETITLRLYQ®QCSTIERDZPTILQTRU®PESGQTF DY TXUHEETRTE S

301 GTTGCTCTCAGAATCAACCAAATGAGTARATAC TTGGAAACTGAACCTTACGAAAAATTC AGAAGGAGATTACAR TTCATGACTC TTARTGATCCATC TTTAGG TATTAGAATC TTCCTCAACATTOCTTTG TIC TIGAAC TG TATIAGA
16! vV A L R I ¥ QM s K Y L ETET®PVYEFK R R R L QL MTVNDUPSILGTIHS ®RMMILWVWSNTCGCECLIILHNECIR

451 GGTAACGGTACCCAAAMACAATACGATTTCTGCGCTAAMACCAAACAACCTCCTAAMCTTAAACAACTTTTACCCTTC T T TCCG TATGACCAATTGCC TCACCGTTIC AACCT TGS TCGA TG TCARATC TTTC TACT TTTGATGAARAA
1516 N G T Q X Q ¥ D F W A KT KEAGUEKV K QLLRLTFRYDETULSGUHKSGTFNVACGCETITFPRATTFPFDEK

601 ACGGATCAATTCATCATTGATACCCCACACATTGGTGCTACTAAA TGG TGGATTGG TG TGO TGCC CACTCTGCTACCCATACCGTT TG TTATGCTAGA TTGAT TG TCAAAGAC AT TGAC TATGE TC TCAAGACT TG TT G TCCCATTG
W01 T D Q F I I BT P H I GATIKMWMW I G G A AHSATHTU YOCYARULTIUVIEKEDTIDYGGUV XTF VYV P L

791 AGAGACTCAACCCATAACTTATTACCACCTCTTCCCAT TGO TGATATTCGTCCAAAATTCGG TAGA CAAGGGG TTGACARATGG TTGGATC CAATTTACCGAAG TTAGAATCCCAAGATTC TICATG TTGCAAAGATGG TGTAAAGTTGAC
2518 D 85 T H NLL PGV AIGDT1IGPKLGROQGVYDDNGWIQ¢FTEV VR RTIZPRTPFTFM®MLTZOIRMNWECECEKUVD

901 CGTCAAGGTAATCTCACTTTGCCACCATTOCAACAATTGTCTTACATTTCCCTTTICC AASCTAGACTTGG TATGCC TACTCATTCC TACAGAATTCG TGC TAGATACACCACCATTCCTITCAGATATCC T T TG T AG.AAGACAA‘I‘T‘C
WIR Q GHNVTLEP?PLEOQLS Y11 S5LLEGRVYGMHMHMATUDSYRI1IGARTYTTT11IALARTYA A®YAREBRGOQTF

L0S1 TCCAAAGGTGATGGACAACCAGAAACTARATTGATTGATTACACTTTACATCAAAGARGATTG TTACCT TACTTGGCTC TTACTTAC T TOGIC G TCTTGG TACTGATAAA TTAGAACG TCAACACCATCAATTATTGAAG AAC TTGGAC
1S K G DG QP ETNKULIDYTULHQGQRRLLPYLALTS YLAALGTDIEKTLTEHRSRTIOHDGOGGIL=RHNTLTED

1201 AAAGCTTTGGCCACTAACAACAAATTGTTG TTGAAAAACACTATC CAAAG TACTAAATCCATC TTTG TTGACTC TGS TTCATTGAAA TCTACT TTOACT TGS TTGGC TTCTGAT TTGATC AATGAA GCTASACAATC TIGTGG TGG TCAC
401 K A L A T H N ¥ L L L KK T 1! Q ST K S M F VDS G 5 L KSTULTWULASIDILTINEA AR RGESTGCG G H

1351 GOTTACTCTGCTTACAATGGTTTTGGTAAAACATACGETGACTGGGC TG TC CAA TG TAC T TGGGAA GO TGA TAAC AR TG TC TTAGG TATG TC TG TGG TAAGACTATTATCAAGACTG TTCAACAAGTTT T AATGC TAAACAATTCANS
16 ¥ S A Y NG F G KT Y G D WAV QCTWEGDUHN®NU VILGHMKSAGTEKTTITIETVQOQVLBH G K QLK

1501 GATTCCACTTTAGAA TTC U TTAACGA TUCTCC TG T TATCTICTGCTAAGARAGC TG TTATTAGAATC RAGAG CCACG TTGATGACACTGACAGAGTC TTGARAGC TATTGCCTCG TTTCATC TCC ARATATGC TAMAGAT TTCATTRCA
51D § T L E F L N D A P AL S S A K KAV I RTINKSHY DDTDRUVILKA ATIARTGEGTLTISNXYSATZ KDL I P

1651 CTTTCCTACCAATCTTGCCAC TCCATTGCTCCACAMGAGTTSTT T TGTCTAAATTC AGATG TCAC TACTAC TTG TTGGAAAC TTTCAATGAAAGATTAAACGACAGAATCAAGGCCAAATCTCCAGCTAGLC SR TATTTGGAAAACATT
551V 5 Y 2 £ 4 D 5 I ¢ P QR WV VY LS X FRCHTYJYLLETT P NMNEHRTLNIDABRTIZKAMNMESZPARPUHLTEHN.!I

1801 ATCAAGTTGTACTACTTCACCAACGT T TIGGG TCCATTCATTGATGAATTC TTCACA TTCGGTC TTATTTC TCCAAG TG TCGC TAM TACATTACCACTGAA TATCCACARARA TTATC TGC TCCCATTACACCATACCTTATICCTIT
601 I K L Y Y ¥V T H V L § ¥ F I T EFILRFGV [ £ P SV AKYTITTETYU®PGQGCEKTLGCGCAATILITERZ®P?PYVIGTL

1951 ACTGATTCTITCCAACAACCAGATAACTICATCAACTCTTTSATTGG TAGATATGATGG TAATCTTTACACCAACTACTTGACTAATG TCACTAATG TTAACGACCTGACCAATTACAAAGCTCCATACTCTGR AGCTTTAGAAGCTATG
51T D $ F ¢ Q P D N F I N S$ L ! GRYDGNTY Y TNYLTHYVTNUVMNEDPTUHTYKEKATZPTY S EATLEAHM

2101 TIGAACCGTCOTICTCTIGAAGAAAGAGAAAGATTTGAARAC ACTARRCCACTTCL TCCTRAA TTATCTC AATAG TTT TCC TCC TTT T TATC T TT T T T TTTC TAARAAATAATCAAAG TG TTTATTTATTT CATTTT TATCAG PTG TTT
7M1 L ¥ RA S LEERERTPFEIKS S KAV AAMEKLS Q-

2221 AGATAAATATATGTTTATATGACTTTAAL

Fig. 1. Nucleotide sequence of the Cm POX2 gene and deduced au sequence. A potential TATA box around nt — 120 upstream from the start codon
is underlined. The ORF encodes a 724-aa polypeptide. The sequence data of this gene has appeared in the GenBank/EMBL/DDBJ database under
accession No. D21228. Methods: Constru~tion of a gene library was performed by the previously described procedure {Masuda et al., 1994).
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Fig. 2. Arrangement of POX genes and Northern blot analysis. (A) Arrangement of the POX2 and POX4 genes. ORF of the respective genes are
tndicated by open arrows. (B) Northern blot analysis of the POX 2 gene. Cm wt strain 1AM12247 was grown on glucose (lane 1), n-tetradecane (lane
2), n-tetradecanol (lane 3}, oleic acid (lane 4} and glycerol {lane 5). Methods: The strains and media used in this study were C. maltosa IAM 12247
{a wt strain} and SD (0.67% Yeast Nitrogen Base w/o amino acids (Difco)/2% glucose). Glucose in SD was replaced by 1% n-tetradecane,
n-tetradecano! or oleic acid when necessary. Northern blot analysis was performed by the previously described procedure (Masuda et al., 1994).

double auxotroph, CHA1l, was transformed with the
4.7-kb Pstl-Sacl fragment of pPD2H (Fig. 3A) and histi-
dine prototrophs were selected on adenine-supplemented
SD plates. Southern analysis of total DNA from a His™*
trarsformant revealed a 1.6-kb disrupted Dral bard and
the 2.4-kb band of the undisrupted allele (Fig. 4A, lanes
1 and 2). This POX?2 single gene disruptant was desig-
nated P2D (POX2/pox2::C-HISS5). Then, the P2D was
transformed with the 4.0-kb Pstl-Sacl fragment of
pPD2A. Southern analysis of total DNA from a
His*Ade* transformant revealed only a 1.6-kb Dral
band (Fig. 4A, lane 3), indicating that both alleles of the
POX?2 gene were disrupted. This POX2 double disruptant
was termed P2DD (pox2::C-HIS5/pox2::C-ADET).

The POX4 disruptants P4D (POX4/pox4::C-HIS5)
and P4DD (pox4::C-HIS5/pox4.:C-ADEIl) were con-
structed using the same procedure by using two frag-
ments, the 5.7-kb Xbal fragment derived from pPD4H
plasmid for construction of the P4D strain and the 5.1-kb
Xbal fragment derived from pPD4A plasmid for PADD
(Fig. 4D). Southern analysis of P4DD strain showed the
appearance of 4.4 and 3.3-kb Dral-EcoRl disruptant
bands and the disappearance of the 2.9-kb band of the
undisrupted allele (Fig. 4B, lane 3).

TABLE I

{d) Effect of POX2 disruption on assimilation of various
carbon sources

Picataggio et al. (1991) reported the sequential disrup-
tion of the POX4 and POXS5 genes in C. tropicalis and
functional block of the B-oxidation pathway. In contrast
to these resuits, the importance of POX2 gene in assimila-
tion of hydrophobic carbon sources is not clear. As shown
in Table I, the P2DD strain grew on n-tetradecane, n-tetra-
decanol and oleic acid. In contrast, the P4DD strain was
not able to grow on n-tetradecane, n-tetradecanol and oleic
acid but able to grow in media containing glucose or
glycerol. Considering the growth phenotype of the P2DD
strain, the function of the POX2 gene on assimilation of
n-tetradecane, n-tetradecanol or oleic acid appears not to
be important. Okazaki et al. (1987) described that the cell
extract preparation containing both products of C. tropi-
calis POX4 and POX2 showed only half of the acyi-CoA
oxidase activity exhibited by the preparation that
was composed of the product of POX4 gene alone. The
possible explanation is that the POX2 gene product may
regulate the activity of the POX4 gene.

(e) Conclusions
{1} Cm POX2 encoded an ORF encompassing 2172 nt
and a 84-kDa polypeptide (724 aa) was predicted.

Growth of the wt and CHAI strains, and of POX gene disruptants on various carbon sources

Strain Genotype® Growth®
Glucose n-tetradecane n-tetradecanol Oleic acid Glycerol

1AM 12247 wi 4 & + - 5
CHALl his3, adel + $ e 3 +
P2D pox2::HIS5/PO. | + + + + +
P2DD pox2::HISS[pox2::ADE] + + + + +
P4D pox4::HIS5/POX4 + + + + +
P4DD pox4::HIS5/pox4::ADE! + - — - +

2 Slash (/) specifies ‘diploid” genotype. The DD strains are double disruptants.

b Growth activity was determined by colony formation on SD plate and liquid culture in SD media. Glucose in SD was replaced by other carbon

sources as specified.
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Fig. 3. Structures of the plasmids used to disrupt the POX genes and predicted restriction maps of the disrupted genes. (A and D) Structures of the
plasmids. ORF of the POX gencs are represented by big open arrows. The dotted line indicates ptJC119 sequence. Predicted restriction maps of the
POX2 gene distuptants (B and €) and of the POX4 gene disruptants (E and F). Blackend bars represent the region used as probe. The symbols are:
B, C-ADE! gene; B, C-HIS5 gene. Construction of plasmids: A 2.4-kb Dral fragment containing the POX 2 gene was inserted into the Hincll site of
pUC119. The resulting plasmid was partially digested with BamHI. and 1.6 kb of C-ADEI gene (for pPD2A) (Kawai et al, 1991) or the 2.3-kb
fragment of the C-HIS5 gene (for pPD2H) (Hikiji et al., 1989) was inserted into the middle of the ORF of POX?2 through a Sall linker (see panel
A). The resulting plasmids were digested with Sacl+ Pstl and then used for the transformation. A 4.4-kb Dral fragment of the POX4 gene was
inserted into Hincll site of pUC119. From the resufting plasmid. a 0.3-kb Bglll-EcoT14] fragment was removed. Then. a 1.6-kb fragment of the C-
ADEI gene (for pPD4A) or a 2.3-kb fragment of the C-HIS5 gene (for pPD4H), was inserted through a Sail linker. The resulting plasmids, pPD4A
and pPD4H, were digested with Xhal and then uscd for the transformation. Transformation of Cm was performed by a modified Liracetate method
(Takagi et al., 1986).

(2) Northern hybridization analysis revealed that the (3) The POX2 gene was not essential for growth oa
POX2 mRNA was expressed in n-tetradecane-. n-tetra- such hydrophobic compounds. The POX2 gene product
decanol- and oleic-acid-grown cells, while it was not may regulate the function of the POX4 gene product or
expressed in glucose- and glycerol-grown cells. may be involved in assimilation of other carbon sources.
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Fig. 4. Southern analysis of the genome DNA isolated from POX 2 and
POX4 gene disruptants. {A) Analysis of the POX2 gene disruptants.
Total DNA isolated from CHA1 (lane 1), P2D (lane 2) or P2DD (lane
3) was digested with Dral. Hybridization probe was the 0.8-kb EcoRI-
Drul region containing the 3’ region of the POX2 gene. { B) Analysis of
the POX4 gene disruptants. Dral + EcoRI-digested total DNA isolated
from CHA1 (lane 1), P4D (lane 2) or P4DD (lane 3) was used (Table 1)
and probed with the EcoRV-Xbal fragment containing the 5’ flanking
region of the POX4 gene. Methods: Southern blot hybridization was
performed with an ECL gene detection system (Amersham) according
to the instructions of supplier.
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