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ABSTRACT 

The Acyl-CoA oxidase (AOX) isozymes catalyze the first steps of peroxisomal p-oxidation, 
which is important for the degradation of fatty acids. Using conserved blocks in previously iden- 
tified yeast POX genes encoding AOXs, the authors have shown that five POX genes are pres- 
ent in the yeast Yarrowia lipolytica. These genes show approx 63% identity among themselves, 
and 42% identity with the POX genes from other yeasts. Mono-disrupted Y. lipolytica strains 
were constructed using a variation of the sticky-end polymerase chain reaction method. AOX 
activity in the mono-disrupted strains revealed that a long-chain oxidase is encoded by the 
POX2 gene and a short-chain oxidase by the POX3 gene. 

Index Entries: Yeast; Yarrowia lipolytica; Acyl-CoA oxidase; lactone. 

INTRODUCTION 

The yeast Yarrowia lipolytica is able to utilize 
hydrophobic substrates like alkanes, triglyc- 
erides, and fatty acids (FAs) as carbon source 
for growth (1). Degradation of alkanes in- 
volved three enzymatic steps in the endoplas- 
mic reticulum to produce a FA (2). Similarly, 

*Author to whom all correspondence and reprint 
requests should be addressed. 

degradation of triglycerides is performed by 
secreted lipases that release the corresponding 
FAs, which are then metabolized. ~l oxidation 
is a very important peroxisomal cycle 
involved in the degradation of these FAs (3). 
It also plays a crucial role in the production of 
lactone, for example, y-decalactone (a peach 
flavor), from oil or derivatives (castor oil, ri- 
cinoleic acid, or methyl ricinoleate) (4). 

Mutants in Y. lipolytica affected in alkane 
utilization have been isolated (2,5,6). Similarly, 
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mutants affected for growth on FA were 
selected in the laboratory of Rachubinski (7). 
In addition, Nga et al. (8) attempted to isolate 
mutants affected in lipase production. 
Although these approaches were successful 
for the isolation of mutants affected in differ- 
ent steps in the degradation of hydrophobic 
substrates, or in the characterization of genes 
involved in peroxisomes biogenesis (9-11), 
they were not successful for the isolation of 
genes encoding lipases and acyl CoA oxidases 
(AOXs), probably because of multiple family 
members for these genes. Therefore, a reverse 
genetic approach was used to isolate the 
genes encoding these enzymes. 

Here is described the characterization of a 
multicomponent family encoding AOXs from 
the yeast Y. lipolytica, the construction of mono- 
disrupted strains, and an analysis of global 
AOX activity in these modified strains. 

MATERIALS AND METHODS 

Strains 
Y. lipolytica strains used in this study are 

Pold (MatA, ura3-302, leu2-270, xpr2-322) (1) 
and derivatives MTLY25 poxlKO (poxl::URA3), 
MTLY12 pox2KO (pox2::URA3), MTLY13 pox3KO 
(pox3::URA3), MTLY14 pox4KO (pox4::URA3), 
and MTLY15 pox5KO (pox5::URA3). 

Media 
The media YPD and yeast nitrogen base 

(YNB) were prepared as described previously 
(1). Minimum fatty acid media YNBO is com- 
posed of: YNB (0.17%), ammonium chloride 
(0.4%), uracil (0.01%), leucine (0.032%), as re- 
quired, and methyl oleate at a 1% final con- 
centration. A FA stock solution was prepared 
as follows: A mixture of methyl oleate (10%) 
and Tween 80 (1%) was prepared and soni- 
cated 3x for 1 rain on ice. For solid medium, 
2% agarose was added. 

Sequence Determination and Analysis 
Double-stranded templates were purified on 

a qiawell8 column (Qiagen). Sequence analysis 

was performed on an automated sequencer 
(ABI model 373A, Perkin Elmer), using syn- 
thetic primers and the dye terminator proce- 
dure. The complete nucleotide sequence was 
compiled using the Staden package of pro- 
grams (12). DNA and protein sequences were 
analyzed using custom-made Staden programs 
and software from the University of Wisconsin 
Genetics Computer Group (version 8) (13). 

Construction of Disruption Cassettes 
(PT and PUT) 

Amplifications of the promoter (P) and ter- 
minator (T) regions, and the production of 
a promoter-terminator (PT) fragment con- 
taining a central SceI site, were performed 
according to the sticky-end polymerase chain 
reaction (PCR) method (SEP method) (14). 
The resulting PT fragment (disrupt 2 cas- 
sette) was treated with T4 DNA polymerase, 
or by adding Pyrococcus furiosus DNA poly- 
merase in the PCR buffer, to render the ends 
blunt, was cloned into the EcoRV site of 
pBluescript II KS + (Stratagene) to give the 
disrupt 2 cassette (PT cassette). Those clones 
containing the disrupt 2 cassette were 
digested with SceI, and the URA3 SceI cas- 
sette, which contains one SceI restriction site 
on either side, was inserted, yielding the dis- 
rupt 1 cassettes (PUT cassette). 

Yeast Transformation and Verification 
of Disruption by PCR 

Y. lipolytica cells were transformed using the 
lithium acetate method, as described in Barth 
and Gaillardin (1), and correct disruption of 
POX genes was verified by PCR, as described 
by Gtissow and Clarkson (15). 

AOX Activity Assays 
AOX activity was measured as described 

previously (16). Long-chain AOX activity was 
measured, using hexanoyl-CoA (C6), decanoyl- 
CoA (C10), and myristoyl-CoA (C14) as sub- 
strates. Results are means of at least three 
separate experiments. 
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Fig. 1. Schematic representation of the genomic regions containing Y. lipolytica POX genes. 
Black arrow corresponds to the POX ORFs. Hatched box in POX1 sequence indicate part of the 
ORF homologous to yLPH17 ($62012). Hatched box in POX4 sequence represents the location of 
the ORF homologous to S. cerevisiae DNA-directed RNA polymerase I and III (P28000). 

RESULTS 

C l o n i n g  a n d  S e q u e n c i n g  o f  G e n e s  
f o r  Y. lipolytica A O X s  

Comparison of the POX1 gene from Saccha- 
romyces cerevisiae (M27515), the AOX1 and 
POX1 genes from Candida mattosa (X06721, 
D21228), and the PXP4, PXP5, and PXP2 
genes from Candida tropicalis (M12160, 
M12161, P18259) revealed conserved nucleo- 
tide blocks that were used to amplify frag- 
ments of the genes encoding Y. lipolytica AOXs. 
The amplified fragments were used for the 
isolation of plasmids containing the corre- 
sponding genes by colony hybridization of re- 
combinants from the Xuan library (17), or by 
divergent PCR on DNA from C. Neuv6glise 
gene library (18). 

As shown in Fig. 1, the sequences were 
determined over 4.3-6.7 kbp. For POX1, the 
complete 5738 bp sequence revealed two 
open-reading frames (ORF), a 1369-bp region 
coding for the NH2 terminus of a protein, 
with 42.9% identity to the ORFAN yLPH17 

identified during the systematic sequencing of 
S. cerevisiae genome (major intrinsic protein 
sequence $62012). The second ORF, of 2067 
bp, corresponding to the ylPOX1 gene, codes 
for a protein composed of 689 amino acids 
(aa) (77,232 Daltons). The second 6074-bp 
sequence revealed a single ORF correspond- 
ing to the ylPOX2 gene, which codes for a 
700-aa protein (78,641 Daltons). The ylPOX3 
gene is contained within a 6774-bp sequence, 
and encodes a 700-aa protein (77,960 Daltons). 
In the 4823-bp sequence containing the 
ylPOX4 gene, which codes for a protein of 701 
aa (79,241 Daltons), a second ORF, showing 
47% identity (64% similarity) to RPC9 (Swiss- 
prot accession no. P28000) encoding S. cere- 
visiae DNA-directed RNA polymerase I and III, 
and encoding a 16-kDa polypeptide, was 
observed. Finally, the ylPOX5 gene contained 
within a 4570-bp fragment and encodes a pro- 
tein of 699 aa (78,300 Daltons). Sequences will 
appear in the (EMBL) database under the 
accession no. AJOO1299-AJOO1303. 

The ATG environments of the POX genes 
are as follows; CCGACAATGA (POX1), 
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GACGCCATGA (POX2), CACACAATGA 
(POX3), ACAACAATGA (POX4), and 
CCAAACATGA (POXS). All except POX2 
have an A at the -3, -1 and +3 positions, a 
feature that was shown to be important for 
high gene expression in Y. lipolytica. Using 
13-galactosidase as a reporter gene, the 
authors have shown that these genes are not 
expressed on glucose, and are induced on 
fatty acid media. In oleic media, POX2, 
POX3, and POX5 present similar strength: 
POX4 a lower one and POX1 is a low 
expressed gene (data not shown). 

No sequence similar to the peroxisome box 
(URE) 19-21), or to the oleic acid-responsive 
element (OAR) observed in C. tropicalis (22) 
and S. cerevisiae (23), could be observed in POX 
promoter regions. However, a putative oleate 
response element (ORE), whose sequence is 
CGG (N15-17)CCG (24) is observed in POX1, 
POX2, and POX3 promoters. 

A comparison of the promoter region, using 
the MACAW program of the NCBI, showed 
that t/aCCCCACAc and the GTAC(N2)Gt/ 
aAC motifs were observed in all ylPOX genes, 
although their functions and roles in AOX 
expression remain to be determined. 

Comparison of AOX Proteins 
Comparison of the deduced aa sequences of 

the five AOX genes of u lipolytica with those 
of S. cerevisiae, C. maltosa, and C. tropicalis is 
presented in Fig. 2. Alignment and compari- 
son of deduced aa sequences showed that 22% 
of the aa are conserved in all AOXs (Fig. 2, 
consensus). Two highly conserved blocks are 
located at aa 240 and 490, whose sequences 
are Block 1, ATKWWIGGAAH; and block2, 
QXCGGHGYSXYNGF(X5)DWXVQCTWEGD 
N. Y. lipolytica AOXs are only about 45% iden- 
tical (50% similar) to AOXs from other yeasts, 
but they are 55-70% identical amongst them- 
selves (65-76% similar), as shown in Table 1. 
AOXs from C. tropicalis and C. maltosa are less 
conserved, showing 51-63% identity between 
them (65-76% similar) for C. tropicalis, and 
50% identity between cmPOX1 and cmPOX4 
(65-76% similar) for C. maltosa. The highest 

identity was observed between ctAOX2 and 
cmAOX1 (84% similar) and ctAOX4 and cmAOX4 
(83% similar), indicating that cmAOX4 may 
correspond to a short-chain AOX. Such higher 
identity was not observed with any of the Y. 
lipolytica proteins, giving no evidence for their 
potential specific activity. 

Members of the Y. lipolytica AOX family are 
often 55-70% identical to one another, but this 
identity was not evenly dispersed along the 
proteins. As shown in Fig. 2, regions with 
lower identity are at the NH2 terminus, from 
AA370 to AA400, AA480 to AA550 and at the 
COOH terminus from AA660. These regions 
may therefore be involved in chain-length 
specificity. 

As in other yeast AOXs, Y. lipolytica AOXs 
lack any conserved variant of PTS1 or PTS2 
motifs, in contrast to rat liver AOX, which is 
targeted to peroxisomes by a PTS1 motif (31). 
The most striking feature among them is that 
the COOH termini of the proteins are rich in 
acidic aa (aspartic acid D and glutamine E). 
Acidic COOH termini were not observed in 
the AOX proteins of the other yeasts. 

Construction of Mono-disrupted Strains 
In order to determine the roles and func- 

tions of the five POX genes found in the yeast 
u lipolytica, the authors first decided to con- 
struct mono-disrupted strains. The approach 
was to construct disruption cassettes by the 
SEP method, developed in this laboratory for 
gene disruption in S. cerevisiae, as described in 
Material and Methods (SEP Method) (14). 
Gene disruption was achieved by gene 
replacement (32), using the disrupt 1 cassette 
containing P and T fragments, separated by 
an URA3 gene. On average, about 800 bp of 
the P and of the T regions were amplified. The 
cassette 1 was amplified by PCR, and the am- 
plified 2.2-kbp fragments were used to trans- 
form Pold strain. Transformants were selected 
for complementation of the uracile auxotro- 
phy. Typically, 102-103 transformants were 
obtained per ~tg PCR fragment, and 50% con- 
tained a disrupted allele, as shown by PCR 
and confirmed by Southern blot (data not 
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yIAOX5 

FIAOX3 
ylAOXl 
yIAOX4 
yIAOX2 

cmAOXl 

ctAOX2 

c=~OX4 
ctAOX4 
ctAOX5 

scAOX1 

Consen. 

I 
MITR NPTNVILGG~ 

MISPN LTANVEID~ 

M 
MITPN P A N D ~  

I~PN NTGTIEINGK 

MALISNLKDE YDHI~'~TuPD TNPKIVADII 
MAMLSQPNDG HDHPEKEDRD T T ~  

)n-~fku~NV 

MT~fku~V 

80 
EYDTFTEPPA QMELERAKTQ FKVRDVTNFL TGSEQETLLT ERII~REIERD 
QYNTFTEPPK ALA~ERAKVK FPIEDMTEFL HGGEENVT I ERLMTELERD 
TTNTFTDPPV EMAKERG~TQ FTVRDVTNFL NGGEEETQIV EKIMSSIERD 
LYDTFTEPPK L M A ~  FDPRDITYFL DGS]K~TRT.T. E S L ~ D  

EYNTFTEPPV AMAOERAKTS FPVREMTYFL DG~a~ELKN EQIMEEIERD 

SSKEPPQPSQ DVAEERSRTD W D ~  EG~EAKSEEI LRLYQSIERD 
SSQDPPHPAK DVAEERARTD W D ~  EG~EAKSEQI LRLYQSIERD 
SV~PDPRT SIQTERANSK F D ~  EGSKERSELM KSLAQQIERD 

SVSQGP~PRS SIQKERDSSK WNPQQMNYFL EGSVERSELM 
MPT ELQI~D~ELTK FNPKELNYFL EGSQERSEII SNMVEQMQKD 

MTRRTTIN PDSVVLNP0~ FIQKERADSK IKVDQVNTFL ESSPERRTLT HALIDQIVND 

........................... ER ............ FL ................... D 

81 
PVLNVAG~. Y DADLPTERRQ AVERIGALAR 
PVLNVSG~. Y DMPE~QLRET AVARIAALSG 
PVLSVTAD.Y D ~  TMERVAALSP 
PLFNNQNE.Y DESFETLRER SVKRIFQLSK 
PLFNNDNY.Y DLNI~QIREL TMERVAI~LSL 

PILQTRPEQF DYTI~REERES VALRINQMSK 

PILQTRPEQF DYTQKQEREL VANRZNQI4TK 
pTLFTDGSYY D L ~  TVLKINRLSR 

PILFTDGSYY DLTKDQQREL TAVKINRIAR 
PILKVDASYY NLTI~DQQI%EV TAI~KIARLSR 

160 

YLPEDSEKE ............................... A I ~ G I  
~w~ru~TR~K~ ............................... ALLRSQLHGI 

YLVTDTEKL ............................... SLWRAQLHG~4 
SIAI~PEPM ............................... SFRKIGFLGI 

FVRDQPEDD ............................... II~KRFALI GI 

YLETEPYEK ............................... FRRRI~LMTV 

FLETEPYG~ ............................... ~LI4TV 

YREG~SVDT ............................... FNERI~IM~r 
YREQESIDT ............................... FNKRI~LIGI 
YFEHEYPD~ ............................... GA~RLSZLGV 

PILKTDTDYY ~ E R E I  TAI~KIARLAS YMEBDIKTVR KT~,I~YI'DLMK EL(~e~DP~KA SPLTNKDLFI FDKRLSLVAN 
p ................ ~ .............................................................. 

161 240 
ylAOX5 VDI4G"I'RTRIA V H Y G ~  RGS~r~QYD Y W . ~  IA~tL~xGCFAM TELG~GSI~FA GLETTATLDK DTDEFIINTP 
ylAOX3 VDHGTRIRLG v~-I~gLFMGAI RGSGTE~QYD Y W . ~  VKGFYGCFAM TELGHGSNVA GLETTATYIQ DTDEFIINTP 
ylAOXI VDMSTRTRLS IHNNLFIGSI RGSGTPEQFK YWo~VA VKQFYGC~AM TELGHGSNLK GLETTATYDQ DS~QFIINTP 
ylAOX4 LDMGTYARLG VHYALFCNSI RG(~GT~ ~ W . ~  IKGFYGCFAM TEMGHGSNLS RLETIATFDK ETDEFIINTP 
ylAOX2 ADMGTYTRLG V H Y ~ V  RGTGTAEQFG RW.ISKGAG~ LRKFYGCFSM TELG~GSNLA GLETTAIYDE ETDEFIINTP 
c~aAOX1 NDPSLGIRML VNIGLFLNCI RGNGTQKQYD FWAKTKEAG~ VKQI.LRLFRY DELGHGFNVA GCEIFATFDE KTDQFIIDTP 

ctAOX2 IDPSLGIRML VNIGLFLNCV RGNGTQKQFD FWSNKKEA~I VKQLY~ TELGHGSNVA GCETTATFDE KTDEFIIDTP 
c~AOX4 VDPQVATRIG VNLGLFLSCI SGNGTAEQFK YWAIDKGTHN IQGLYGCFG~ TELGHGSNVA GVETTATFDK ETDEFVINTP 
ctAOX4 FDP~VGTRIG ~ I  RGNGTTSQI, N YWANEKETAD VKGIYG(~P~ TELAHGSI~VA GLETTA~=~)K ESDEFVINTP 

ctAOX5 FDPQ~e---~IG VNLGLFVSCV RGNGTNSQFF YWTINKGIDK LRGIYGCFG~ TELAHGSNV~ GIETTATFDE DTDEFVINTP 
scAOX1 IDPQLGTRVG VHLG~CI KGNGTDEQIR YWLQERGATL I~KGIYGCFAM TELGHGSNVA QLQTRAVYDK QNDTFVIDTP 

Consen. -D ..... R ...... LF ..... G-GT--Q-- -If ............... F-- -E--HG-N ....... A ...... D-F-I-TP 

241 320 

ylAOX5 NSGATKWWIG GAAHSATHTA CLARLIVDGK DYGVKIFIVQ LRDLNSHSLL NGIAIGDIGK IO{GRDAIDNG WIQFTDVRIP 
ylAOX3 NTC=ATKWWIG GAAHSATHTA CFARLLVDGK DYGVKIFVVQ LRDVSSHSLM PGIALGDIG~ EMGRDAIDNG WIQFTNVRIP 
ylAOXI HIGATKWWIG G~HTSTHCV CFAKLTVHGK DYGTRk~rv~ ~uBSLK VGVSIG~IGK I~I~G~DNG WIQFTNVRIP 
ylAOX4 ~ I G  GAAHTATHTL AFARLQVDGK DYGVKSFVVP LRNLDDRSLR PGIATGDIG~K KMGRDAVDNG WIQFTNVRVP 

ylAOX2 R I n G  C=AABTATHTV VFARLIVKGK DYGVKTFVVQ LRNINDHSLK VGISIGDIGK KMGRDGIDNG WIQFTNVRIP 
C~b, OXl HIGATI(RWIG ~a~HSATHTV CYARLIVEDI DYGVKTFVVP LRD.STBITLL PGVAIGDIGP ~ N G  WIOFTEVRXP 
ctAOX2 HIGATIO~WIG GAAHSATHTV CYARLIVEDV DYGVKTFIVP LRD. SRRSLL PGIAIG~IGA ~ N G  WIQFTEVRVP 
cmAOX4 HXGATKWWIG GAAHSATHCS VYARLVVDGK DYGVKTFVVP LRD. SNHDLM PGVTVG~ZGA IO4GRDGIDNG WIQFSNVRIP 
ctAOX4 HIGATEWWIG GAAHSATHCS VYARLTVDGQ DYGVKTFVVP LRD. SNRDLM PGVTVGDIGA EI~.GRDGIDNG WIQFSNVRIP 
ctAOX5 HIGATKWWIG C=AAHSATHCS VYARLKVKGK DYGVKTFVVP LRD.~LE PGVTVGDIGA EI4GRDGIDNG WIQFSNVRIP 
scAOX1 DLTATIOIWIG Ga%AHSATHAA VYARLIVEG~ DYGVKTFVVP LRDPSTFQLL AGVSIG~IGA EI~GRDGIDIIG WZ0J~RNVVIP 

Consen. ---A~IG GAAH--TH .... A-L-V--- DYG---F-V- LR ...... L- -G---~IG- K-~---DNG WIQF--V--P 

321 400 
ylAOX5 RQNMLMRYDR V.. DGEVT T... SELAQL T.YGALLSGR VTMIAES~T.T. SARFLTIALR Y A C I ~  VPDKP ..... 
ylAOX3 R Q ~ A K  V.. SSTGKVS Q... PPLAQL T. YGALIGGR VTMIADSFFV SQRFITIALR YACVRRQFGT TPGQP ..... 
ylAOXI RQNMIA4RYAK V..SDTGVVT K...PALDQL T. YGALIRGR VSMIADSFHV SKRFLTIALR YACVRRQFGT srn~TK ..... 

ylAOX4 RNYMIs V..LRDGTVK Q... PPLAQL T.YGSLITGR VQMTTDSHNV SKKFLTIALR YATIRRQFSS TPGEP ..... 
ylAOX2 ~ V..DREGNVT Q...PPLAQL T.YGSLITGR VSMASDSHQV G~RFITIALR YACIRRO~ST TPGQP ..... 
CmAOXI ~ V..DRQGNVT L...PPLEQL S.YISLLEGR VGMATDSYRI GARYTTIALR YAV~SK GDGQP ..... 

ctAOX2 ~ V..DRQGNVT L...PPLEQL S.YISLLEGR VG~ATDSYRI GARYTTIALR YAVGRRQFSK ITAGEP ..... 
cmAOX4 RFFMLQKFCK V.. SAEusvV L...PPLEQL S.YSALLGGR VI~4VLDSYRM LARVSTIALR YAIG~FKG DNVDQNDPNA 
ctAOX4 RFFMLQKFCK V..SAEGEVT L...PPLEQL S.ySALLGGR VII4VLDSYRM LARMSTIALR Y A I ~ G  DNVDPKDPNA 

ctAOX5 RFFMLQKYCK V..SRLGEVT M...PPSEQL S.YSALIGGR VTIQg~DSYRM TSRFITIALR YAIHRRQFK ..... KKDTDT 
scAOX1 REFMLSRFTK VVRSPDGSVT VKTEPQLDQI SGYSALLSGR ~ S F R F  GSKFATIAVR YAVGRQQFAP RKG ...... L 

Consen, R---L ..... V ..... G-V ......... Q- --Y--L--GR V-M---S ........ TIA-R YA--R-QF ............ 

Fig. 2. Comparison of aa sequences of yeast AOX. Alignment of Y. lipolytica (POX1-POX5, this 
work), S. cerevisiae POX1 (25), C. maltosa maltosa POX2 and POX4 (26,27), and C. tropicalis POX2, 
POX4, and POX5 (28-30). Identical aa in all four species are indicated in the consensus sequence. Gaps 
indicated by dots were introduced for optimal alignment. EMBL accession no. AJ001299-AJ001303. 
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401 
ylAOX5 . ETKLIDYPY HQRRLLPLI~ 

ylAOX3 . ETKI IDYPY HQRRLLPLI~ 

yL~OXl . ETKI IDYPY HQRRLLPLLA 

FIAOX4 . ETRLIDYLY HQRPr.T.DLMA 
ylAOX2 . ETKIZDYPY HQRRLLPLLA 

cmAOX1 . ETKLIDYTL HQRRLLPYLA 
ct.AOX2 . ETKLIDYTL HQRRLLPYLA 
c~AOX4 LETQLIDYPL HQI~RLFPYLA 
ctAOX4 LETQLIDYPL HQP3RLFPYLA 

ctAOX5 IETKLIDYPL HQ~PFLA 
scAOXI SETQLIDYPL HQYRVLPQLC 

Consen. -ET--IDY-- HQ-R--P--- 

YTYAI4KMGAD EA~YNSSF 

FTYAMEMAAD QSQIQYDQTT 

YCYAMEMGAD EA~IETT 
u ~ A S .  

YVY~AD EVGALPSRT. 

LTYLAALGTD KLERORDQLL 
LTYAAAVGTD RLERQHEELL 
AAYVVSTGAL KVEHTIQSTL 
AAYVI SAGAL KVEDTIHNTL 
AA~LFSQGAL YLEQTMNATN 

480 

GALLKI~PVK DAEK..FAVA TADLKALFAS 
DLLQTIDP. K DKGA.. LGKA IVDLKELFAS SAGLKAFTTW 

DRILALNPND PAOKNDLEKA VTDTKELFAA 
. .QEKAESLK EDDKAGVESY VQDIIO~LFSV SAGLKAATTW 

. . ~ D L K  P D D ~  VSDVKELPSV SA~LKAFSTW 
KNLDKA..LA TNNFr~v:r~KNT IQSTKSMFVD SGSLKSTLTW 
ANLDIA..LA KED~'r.T.T-RITT ITGTKSMFVD sGSLKSTLTW 
ATLDAA..VE NNDTTAIFKS IDD14KSLFID SG~LKATTTW 
AELDAA..VE IG~DTKAIFKS IDDMKSLFVD SGSI2KSTATW 
DKLDEA..VS AGEKEAIDAA IVESIO(LFVA SGCLKSTCTW 

VPYLVSPVAF KI~DNYYSTL DELYNA~. . S SAYKAALVTV SKKLKNLFID SATLKATNTW 
--y ......................................... K--F-- S---K---TW 

481 
y].AOX5 AAAKIIDECR QACGGHGYSG YNGFC, QAYAD WVVQCTWEG~ 
ylAOX3 TCANIID~ QACGGHGYSG YNG~AD WVVQCTWEGD 

ylAOXI GCAKIIDECR QACGGHGYSG YNGFGQGYAD WVVQCTWEGD 

ylAOX4 ACADIIDKAR QACGGHGYSA YNGFGQAFQD WVVQCTWEGD 

ylAOX2 ACADVIDKTR QACGGHGYSG YNGFGQAYAD ~ G D  
cmAOXl LASDLINEAR QSCGGHGYSA YNGF~]KTYGD WAVQCTWEGD 
c~AOX2 LAADLINETR QACGG~GYSS Y N ~ D  WVVQCTWEGD 
cmAOX4 LRAEAZD(I~R ~ G Y S S  YNGFAKAFND WVVOCTWEG~ 
cEAOX4 LGAEAIDQCR QACGGHGYSS ~ Y N D  WVVQCTWEGD 
ctAOX5 LTAEAIDEAR G~CGGHGYSS YNGFGKAYSD WVVQCTWEGD 
scAOXl LIATLIDELR QTCGGHGYSQ YNGFG~GYDD WVVQCTWEG~ 
Consen. - .... I---R Q-CGGHGYS- YNGF ..... D W-VQCTWEGD 

561 
ylAOX5 N..ARVDNKP LTDPAVLITA WEKVACEAIN RATDSFIKLT 
ylAOX3 Q..ATLSG~D LKDPKVLIEA WEKVANGAIQ RATDKFVELT 

ylAOX1 QNGGGTPREQ LLSPEFLVEA FRTASRNNIL RTTDKYQELV 

ylAOX4 N..AERNGRS LEDPKLLVEA WEAV~N AATDAYEELS 
y l A O X 2  H . . A K L N G R ~  LTDPKVLVEA WEVAAGNITIq RATDQYEKLT 

cmAOX1 . SSAKXAVIR IKS~VDDTDR V L K A I A G L I S  KYAKDL. I P V  

cEAOX2 . SKAKKAVIR IRDHVDDVDR V L K A I A G L I S  KFSKDL.  I P I  

cmAOX4 GSNASKVVLN NTSDLNDINK V I K S I E V A I I  RLAHEAAISV 
c~AOX4 GSNSSKVVLN TVADLDDIKT VIKAIEVAII RLSQEAASIV 
ct~-OX5 . . . ~ V L S  SVADLDDPAK LVKAFDBALS GLAP~IGAVA 

560 

NNVIX:LSMGR SLIQSCIAI~R KI~KGHVGKSV EYL(~D/~DELQ 
NNVLCLSMGR GLIQSCLGHR KG~.PI.~kSSV GYLANKG.LE 

NNVLCLSMGR GLVQSALQIL AG~.~G~%SI QYVG~KSKIS 

NTVLTLSAGR ALIQSALVYR KE.GKLGNAT KYLSRSKELA 

NNILTLSAGR ALIQSAVALR KG.EPVGNAV SYLKRYI(DLA 
NNVIAR4SAGK TIIKTVQQVL NG~QLKDSTL EFLNDAPAL. 

TIIKTVQQVL NG~ELKDSTL E ~ .  

NlqVLSLSVGK PIIKQZ~GZE DNGKTVRGST AFL~QVKDFT 
NNVLAMSVG~ PIVK~VISIE DA~KTVRGST AFLNQLEDYT 

NNI~AK PMVRDLLKEP E ................... 
NNVLSLTSAK SII2K3KFID. S ATI~GRFDNTL DVDSFSYLKP 

N--L .................................... 

640 

QEGLSPDQAF 'R'RT-qQ, QRFEC ARIBTRKHLI TsFYARI. SK 

KGGLSPDQAF EELSQQRFQC A K I ~ V  TAFYERINAS 

KT.LNPDQAF EELSQQRFQC ARIHTRQKLI SSFYARI.AT 
KQGVSVDECF E Q V S ~  ARIHTRRALI EAFYSRIAT. 

GEGLNAD0jkF EVLSQQRFQA AKV'HTRRHLT AAFFSRIDTE 
S .... YQSW DSIGI~RVVL SKFRCHYYLL E T ~ R  

S .... YQSW DSIGAQRVIL SKLRCHYYLL ETFNERLNDK 

R .... KESL DFAGAELVQI ~ L L  TEFVKRVGE. 
K .... KESF DYVGAELVQL ~ x L L  TEYIRRIDT. 

E .... DKGF DITGPSLVLV SKI/4AHRFLI DGFFKRITP. 

scAOXl QYIGSVVSGE IKSGLKZLGD YTEIWSITLI KLLARIGTLV EKS.  . .PSI DSVSKLLVLV ~ C M L  KTYYDKLNSR 

Consen. - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

641 
ylAOX5 .... AKARVK PHLTVLANLF AVWSI.EEDS GLFLREGCFE 
ylAOX3 .... AKADVK P Y L I ~  TLWSI.EEDS GLFLREGFLQ 

ylAOXI .... AEDDIK P ~  AI,WSI.EEDT GIFLRENILT 

ylAOX4 .... ADEKVK Pwr.IPLANLF ALWSI.EEDS ALFLAEGYFE 
ylAOX2 .... AGEAIK Q P ~  ALWSI.EEDS GLFI29.EGFLE 

cmAOXl IK..AKSPAR PHLENIIKLY YVTNVLGPFI DEFLRFGVIS 
ctAOX2 IK..AKSPAR PHLENIIKLY YVTNILGPFI DEFLRFGVIS 
c~nAOX4 .F..EHKELV PFLITT~GRLY SATVVLDKFA GVFLTFIqVAS 
ctAOX4 .F..DQKDLV PYLITLG~LY AATIVLDRFA GVFLTFNVAS 

ctAOX5 .E..WSEVLR P .... LGFLY .ADWILTNFG ATFLQYGIIT 

720 

PAEI4~EIT.A LVDELCCEAR EQVIGFTDAF NLSDFFINAP 
PHDIDQVT .E LVNHYCKEVR DQVAGYTDAF GLSDWFINAP 
PGDIDLIN.S LVDELCVAVR DQVIGLTDAF GLSDFFINAP 

PEDIIEVT.S LVNKYCGIVR ENVIGYTDAF NLSDYFINAA 
PKDIDTVT.E LVNKYCTTVR EEVIGYTDAF NLSDYFINAP 
PSVAKYITTE YPQKLCAAIR PYVIGLTDSF QOPDNFINSL 
PQVAKYITYE YP~KLCANIR pYVIGLTDSF QQRDNFINSL 
PQAITDLAST Q I ~  PNVVAYTDSF QQSDI4VI~SA 
TEAITALASV Q I ~  PNVVAYTDSF QQSDMIVNSA 

PDVSRKISSE HFPALCAKVR PNVVGLTDGF NLTDI~4TNAA 

s~AOX1 DSHISDEITK ESM~qVYELF SLYFI.DKHS GEFQQFKIFT pDQISKVV~P QLI,AI~PIVR IqDCIGLTDSF ELPDAMLNSP 
............................................... Consen. L .......... F R ...... TD-F - - ~D- - -N- - 

721 7B4 
ylAOX5 I(]~)AYK ~EVKAAN N.. PRNTHAP YYETIO2RPFL FRI~DEDEEIC DLDE 
ylAOX3 IGNYDG~VYK HYFAKVNQQN P..AQNPRPP YYESTLRPFL FREDEDDDIC ELDEE 

ylAOXl IGSYDGNVYE KYFAKVNQQN P..ATNPRPP YYESTLKPFL FREEEDDEIC DLDE 
ylAOX4 IGRYDGDVYK NYFEKVKQQY P..pEGGKPH YYEDVMKPFL BRERIPDVPM EPEDIQ 
ylAOX2 IGCI'DG~'R mXL~VI~EQN P..ARDPRPP ]r~A~TI,KPFL FREEEDDDIC ELDEE 

c~AOXI I G R ~  NYLTNVTNVN D.. PTNYKAP YSEALEAMLN RASI".R~RERF EKSKAVAAKL SQ 
ct.AOX2 IGS~/DGNIYT NYLESVKDVN D.. pSNYKAP YSEALEAMLN RSALENRERS ERGKAAADIL SK 
c~AOX4 IG~IrDGDVYE NYFDLVKQLN P..PKNTKAP YTAALEGMLN RPSLEARERY EKSDETAAIL SK 
ctAOX4 IGRYDGDIYE NYFDLVKLQN P.. pSETKAP YSDALEAMLN RPTLDERERF EKSDETAAIL SK 

ct:AOX5 IGRYDGNVYE HYFETVKALN P. .  pENTKAP YSI~JaT-~nMLN RPDLEVRERG EKSEEAAEIL S$ 

scAOXI IGYFIX]~IYB NYFIqEVCRNIq PVEADGAGKP SyHALLSSML GRGFEFDQKL GGAANAE~LS KINK 

Consen. IG--DG--Y--u ....................................... 

Fig, 2. (Continued) 
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Table 2 
AOX Activity in WT Strain and Mono-disrupted Strains 

Substrate 

Strain C6-CoA C10-CoA C14-CoA 

Pold (WT) 
MTLY25 (poxlKO) 
MTLY12 (pox2KO) 
MTLY13 (pox3KO) 
MTLY14 (pox4KO) 
MTLY15 (pox5KO) 

0.45 +/-0.10 0.49 +/-0.17 0.45 +/-0.06 
1.31 +/-0.19 1.76 +/-0.10 0.83 +/-0.06 
0.69 +/-0.13 0.41 +/-0.10 0.27 +/-0.11 
0.03 +/-0.02 0.56 +/-0.08 0.40 +/-0.13 
1.04 +/-0.11 1.15 +/-0.07 0.72 +/-0.06 
1.61 +/-0.03 1.93 +/-0.16 1.45 +/-0.08 

AOX was measured using hexanoyl-CoA (C6), decanoyl-CoA (C10), or Myristyl- 
CoA (C14) as substrates. Strains are Pold (WT), MTLY25 (poxlKO), MTLY12 (pox2KO), 
MTLY13 (pox3KO), MTLY14 (pox4KO), and MTLY15 (poxSKO). Activity is expressed in 
U/rag  protein. Total protein was measured by the Bradford method (33). 

shown). The mono-disrupted strains were 
MTLY25 poxlKO (poxl::URA3), MTLY12 
pox2KO (pox2::URA3), MTLY13 pox3KO 
(pox3::URA3), MTLY14 pox4KO (pox4::URA3), 
and MTLY15 poxSKO (pox5::URA3). 

AOX Activity in Mono-disrupted Strains 

AOX activity was measured in the above 
deleted strains. Strains were grown on YNB, 
and transferred into YNBO media for induc- 
tion. Table 2 shows the AOX activity in de- 
leted strains 5 h after transfer into induction 
medium. The authors have compared AOX 
isozyme activity in the wild-type (WT) strain, 
Pold, and in the mono-disrupted strains, 
using C6-CoA, C10-CoA and C14-CoA as sub- 
strates. The AOX isozyme activities of each 
strain differs, depending on the length of the 
substrate carbon chain. As shown in Table 2, 
the AOX activity of strains deleted for pox1, 
pox4, and pox5 is higher for the three sub- 
strates than in the WT strain. Similar results 
were obtained by Picataggio et al. (34), who 
observed that a strain deleted for POX4 has 
higher AOX activity than does the WT strain. 
Strains Apox2 and Apox3 had AOX activities 
similar to those of the WT strain, except for 
C14 substrate in Apox2 strain and the C6 sub- 
strate in Apox3 strain, which suggests that 
POX2 codes for an AOX that is more active 

toward long-chain FAs (C14), and that POX3 
codes for an AOX that is more active toward 
short-chain FAs (C6). These results were con- 
firmed when the activity of the AOX3 protein 
expressed in Escherichia coli was tested (not 
shown). 

It seems that the enzymatic substrates for 
AOX2p and AOX3p are different and comple- 
mentary for the growth on long-FA-containing 
medium. In contrast, the strains deleted for 
pox1, pox4, pox5 showed higher AOX activity 
than the WT strain on any FA substrate. It 
seems that deletion of these genes caused an 
increase in the activity of other AOXs (possi- 
bly AOX2p, AOX3p). Whether these effects 
are transcriptional or posttranscriptional is 
currently being investigated. 

DISCUSSION 

A multicomponent family encoding AOXs 
was identified in the yeast Y. lipolytica. The 
construction of mono-disrupted strains 
allowed the authors to demonstrate that 
AOX2p corresponds to a long-chain AOX, and 
that AOX3p is a short-chain AOX. Similar 
results have been observed by Picataggio et al. 
(34) in C. tropicalis, where AOX4 has high spe- 
cific activities for short-chain substrates, and 
AOX5 is a long-chain AOX. The role of AXO1, 

Cell Biochemistry and Biophysics Volume 31, 1999 



Genes Cooling for AOX Isozymes in Yeast 1 73 

AOX4, and AOX5 remains to be determined, 
but the authors already demonstrated an effect 
of ylPOX1 gene disruption on ~#decalactone 
production and consumption (35). 

Construction of strains presenting double 
and multiple gene disruption will be neces- 
sary to go further in the understanding of the 
role of the Acyl-CoA oxidases in the yeast Y. 
lipolytica. This will open the opportunity to 
further modify Y. lipolytica strain for the 
improvement  of the l-lactone production, or 
for dicarboxylic acid production, as shown by 
Picataggio et al. (36). 
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