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Abstract

The yeastarrowia lipolytica possesses five acyl-CoA oxidases (Aox1p to 5), the enzyme catalysing the first reatiomidation. The
understanding of the specific role of each acyl-CoA oxidase is important to construct a yeast strain growing at a good rate and able to produce
without degrading the aroma compounétlecalactone. In this study we observed that Aox4p exhibits a slight activity on a broad spectrum
of substrates and that it is involved in lactone degradation. We constructed a strain lacking this activity. Its growth was only slightly altered

and it produced 10 times more lactone than the wild type in 48 h.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The yeastYarrowia lipolytica is able to transform rici-
noleic acid (a hydroxylated C18 fatty acid) imfedecala-
ctone Fig. 1), a fruity and creamy aroma compoufid. As
most of the yeast able to carry out this biotransformation,

cific enzyme is involved in the degradation of the lactone
(Fig. 1) and therefore genetic constructions have been made
to remove its activity from yeast strairf$2]. It was thus
shown that this enzyme was not the only one involved
in the degradation and some of the other acyl-CoA ox-
idases exhibited activity on short-chain substraf#3].

it is also able to degrade the produced lactone. Thanks toFrom the evaluation of the acyl-CoA oxidase activity of

its exceptional lipid-degrading enzymatic-machinery, this
species, which is also used in several procefzeg], has

the POX-mutants, it was not easy to appreciate the role
of the three other acyl-CoA oxidases (Aox1p, Aox4p and

been chosen as a model to study this degradation. The pathAox5p): the deletion ofpoxl did not seem to modify the

way of biotransformation involveB-oxidation and requires
the lactonisation at the C10 level (when the hydroxy group
is in the y-position) Fig. 1) [1]. Y. lipolytica possesses a
five-member family of acyl-CoA oxidases (Aox1p to 5 en-
coded byPOX1to 5), the enzymes catalysing the first step of
B-oxidation, some of which are long-chain specific (Aox2p)
[8] or short-chain specific (Aox3p9,10], the specificity
resulting from only a small number of amino-acids (see
Mlickova et al. in this volumg11]). The short-chain spe-
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activity as if Aox1lp was inactive towards straight-chained
acyl-CoA. The deletion opox5 decreased activity on the
complete chain-length spectrum whereas the deletion of
pox4 exhibited no significant effect. To confirm the activity
or inactivity of these enzymes, a construction was made
involving the deletion of several acyl-CoA oxidase encod-
ing genes Apox2Apox3Apox5) and a multicopy insertion

of POX2, the long-chain specific encoding gefie!] but,

as the efficiency of the multicopy insertion was low, the
constructed strain exhibited an altered growth resulting in
a low production and no degradation -pfdecalactone but
whether the absence of detectable degradation was due to
a lack of short-chain active acyl-CoA oxidases or to a rate
of degradation lower than the rate of production was not
determined.
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Fig. 1. Schematic representation of the pathway from ricinoleic acid to
vy-decalactone and activities of the acyl-CoA oxidasesYofipolytica
(Aox1p to 5).

As the growth rate of mutant strains is very impor-
tant for industrial application and as this parameter is
linked to the number of deletion of genes coding for
lipid-degradation-enzymes, it is of fundamental interest to

A. Groguenin et al./Journal of Molecular Catalysis B: Enzymatic 28 (2004) 75-79

Table 1
NamesPOX genotype and growth characteristics of strain¥.dfpolytica
used in this study

Strains Genotype Aox expressed  Growth
w29 wild type None Normal
MTLY36 ApOX2,pox3,pox5 None Reduced
MTYL37 Apox2,pox3,pox4,pox5  None No growth
MTLY40 Apox2,pox3,pox4,pox5  None No growth
MTLY36-2P  Apox3,pox5 Aox2p Normal
MTLY40-2P  Apox3,pox4,pox5 Aox2p Normal

The growth characteristics (in media containing methyl oleate or methyl
ricinoleate as the only source of carbon) are given compared to wild type
(normal growth).

expression cassettes were introduced into MTLY36 and
MTLY40 by the lithium acetate methdd8]. Prior to inte-
gration into yeast cells, plasmids were digested by Not I.
Ura+ transformants were selected on YNBcas.

establish the role of each of these enzymes. The goal of2-2- Culture conditions

the present study was to investigate the effect of Aox4p
and Aox5p on the degradation gfdecalactone and to con-

struct a strain unable to degrade it but able to grow at a rate

similar to that of the wild type. Using the same triple dis-
ruptant (A pox2Apox3Apox5), a simple copy oPOX2 was
added restoring the Usacharacter. With nearly the same

genotype as the mutant previously constructed, the pheno
type was quite different as the strain was able to grow in a

way similar to the wild type but was also able to degrade

the lactone produced. These results show that a remainingm
acyl-CoA oxidase was also able to degrade the lactone and,

as Aox1p seems inactive, we did the sa@X2 addition in

a Apox2Apox3Apox4Apox5 mutant. We obtained a mutant
able to grow only a little more slowly than the wild type but
producing about 10 times mofedecalactone in only 48 h,
and this amount did not significantly decrease in 250 h.

2. Experimental
2.1. Strain constructions

The strain used in this study ¥ lipolytica W29 MatA
(ATCC 20460, CLIB89) or its derived mutant disrupted for
genes coding for acyl-CoA oxidaseBdX) [8]. To intro-
duce the uracil auxotrophy into the mutant strain MTL37,
the ura3-41 allele from the H222ira3-41 strain[15] was
introduced by transformation and selection of Uraells
on YNB-5FOA medium as described previoufly] giving
rise to strain MTLY40. The various strains are presented in
Table 1

The POX2 and POX3 genes were amplified with
oligonucleotides pairs POX2-ATG/POX2-STOP, and
POX3-ATG/POX3-STOP, respectively. Plasmid pYEG1
[17] was digested by Binl and Sfil and ligated with the

Cells were cultured at 2C in 500 ml baffled Erlenmeyer
flasks containing 200 ml medium and agitated at 140 rpm
for the lactone production in different environmental con-
ditions. Cells were precultured in a YPD modified medium
(glucose, 20 g/l; trypsic peptone from casein, 20g/l, yeast

extract, 10g/l) for 19h to the late logarithmic phase then

cells were harvested and inoculated té*ggo nmof 0.25 (ap-
proximately 65 x 10° cells/ml) in a medium containing 5 g/|

noleate (Stéarinerie Dubois, Boulogne, France), 5 g/l; Tween
80, 1g/l; yeast nitrogen base, 3.35g/).

2.3. Analysis

For lactone quantification, 1.5 ml samples were removed
from the biotransformation medium. These samples were
centrifuged (10,006« g, 5min) and the supernatant (both
aqueous and oil phases) mixeg-Undecalactone (inter-
nal standard) was added to reach a final concentration of
100 mg/l and the mixture was extracted with diethyl ether,
in 4ml glass vials, by shaking for 60s. The ether phase
was analysed in a HP6890 gas chromatograph (Agilent
Technologies, Lyon, France) with a HP-INNOWax capillary
column (Agilent) (300 m x 320um x 0.25um) with N2 as
a carrier gas at a linear flow rate of 4.3 ml/min. The split in-
jector (split ratio, 7.1:1) temperature was set to 26Gand
that of the FID detector to 30@. The oven temperature
was programmed to increase from 60 to 2@5at a rate of
5°C/min and then to 21%C at a rate of 2C/min.

3. Results and discussion

3.1. Growth of Y. lipolytica wild type and pox mutants

PCR fragments digested with the same enzymes, giving Growth of the various strains in the biotransforma-

rise to plasmid pYEGROX2 and pYEG1POX3. Both

tion medium is shown irFig. 2 A 3-4h lag phase was
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Fig. 2. Growth ofY. lipolytica strains in the biotransformation medium (containing methyl ricinoleate as the only carbon source): wild-type#yy29 (
MTLY36-2P (A) and MTLY40-2P {J) strains.

observed for all strains. Prior to inoculation of the bio- mutants compared to the wild type can thus be explained by
transformation medium, cells were harvested in log-phase the lack of Aox3p and Aox5p and the observed difference be-
from a preculture medium containing glucose as the car- tween the two mutant strains suggests a small but significant
bon source. They required thus the complete induction of role for Aox4p. The difference between the maximal cellular
the ‘lipid-degradation machinery’. This takes time since, concentration reached by both mutants (2948’ cells/ml)
in Y. lipolytica, B-oxidation occurs in peroxisomes that and by the wild type (aboutBx 10’ cells/ml) could be due
are inducible compartmen{49] and g-oxidation enzymes  to the non utilisation of short-chain substrates by the mu-
are induced and produced in the cytoplasm before beingtants lacking Aox3p, the short-chain specific enzyme. These
targeted to the peroxisonj20]. growth kinetics results confirm the importance of acyl-CoA
After this lag-phase, significant differences appeared be- oxidases in the growth on lipids.
tween the cells. The wild type (W29) grew rapidly to a The construction of a technologically improved strain able
value of about 3.5-4 10’ cells/ml in less than 20 h whereas to grow at a good rate requires thus the presence of most
the MTLY36-2P strain reached its maximum (less than 3  of the active acyl-CoA oxidases. Some recent wda@d]

10’ cells/ml) in more than 25h and MTLY40-2P in almost have shown that Aox2p or Aox3p were required for a good
30h. targeting of acyl-CoA oxidases to peroxisomes explaining
The POX genotype has thus no effect on the lag-phase, thus the lower activity ofA pox2Apox3 mutants previously
i.e. on the induction time of the enzymatic machinery, but observed8]. All the constructions used in the present study
has a significant effect on the growth rate and on the maxi- possess Aox2p or Aox3p. Another factor that may influence
mal cell concentration. Methyl ricinoleate is the only source the activity is the role of some of the acyl-CoA oxidases

of carbon in the biotransformation medium gdaxidation in the regulation of the others: the deletion mix1, pox4
is thus required for growth. Acyl-CoA oxidases catalyse the or pox5 results in an increase in the acyl-CoA oxidase ac-
first reaction of theB-oxidation cycle and they are gener- tivity. However, this increase is no more detectable when a
ally considered as the rate-limiting enzyme of the sequencesecondpox gene is delete{B]. As the present constructions
[21,22] The wild type possesses five acyl-CoA oxidases have been carried out with the aim of suppressing any ac-
(Aox1lpto 5) as presented Fig. 1. Aox2p seems to play the tivity on short chain substrates, they require the deletion of
major role on long-chain acyl-CoA but Aox4p and Aox5p the short-chain Aoxp encoding geredx3). It is thus not
are not negligible. On short-chain substrates, Aox3p is the possible to utilise the regulation capacity of Aox1p, Aox4p
important enzyme with maybe a role of the two other en- or Aox5p. Finally, a recent study (this issU#&1]) reported
zymes (Aox4p and Aox5p). a role of acyl-CoA oxidases in lipids accumulation gy
The MTLY36-2P strain Apox3Apox5) lacks two active lipolytica, role which is probably related to a modification
acyl-CoA oxidases. The deletion of Aox5p results probably in the lipid metabolism. However, these results are still too
in a decrease in the global activity, and that of the short-chain partial to be used in the lactone production process.
specific Aox3p, in a decrease in the extent of acyl-CoA  Concluding this part on the growth capacity of the mu-
degradation. The MTLY40-2P straim\pox3A pox4 A pox5) tant strains of this study, it can be observed that the growth
lacks in addition Aox4p which has a small activity according ability is not dramatically altered but the deletion of both
to previous result§d]. The lower growth rate of these two  pox5 andpox4 decreases the growth rate Yflipolytica. In
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Fig. 3. Production ofy-decalactone by the wild-type W29#), MTLY36-2P (A) and MTLY40-2P {J) strains.

the next part, the interest of both deletions for increasing values above 300 mg/l at 20 h and exhibiting no significant

v-decalactone production will be investigated. decrease in the next 230h. These results show not only
that this strain is unable to degragedecalactone in the
3.2. Lactone production by the various strains biotransformation conditions but also that it produces more

rapidly, even before growth starts. The absence of degra-
The production ofy-decalactone by the different strainsis dation can probably not account by itself for this increase
shown inFig. 3. For the wild type,y-decalactone appeared and a second mechanism may be implied. The production
in the biotransformation medium after 8-10h. The con- pathway involves a crossover at the C10 leap( 1). At
centration increased to about 150 mg/l after 24 h and thenthis stage, a part of the acyl-CoA lactonises before the next
decreased to 50-60 mg/l after 40 h and eventually stabilisedp-oxidation step, generating-decalactone. But a second
at about 20 mg/l. When compared to growth kinetics, the part enters the nex-oxidation cycle without forming the
production occurs with a small delay after growth, corre- lactone. This phenomenon is not a lactone degradation but
sponding probably to the time necessary for the fatty acids it constitutes another leakage in the pathway. By decreasing
to undergo fourB-oxidation cycles, and the degradation the acyl-CoA oxidase activity at the C10 level, this leakage
(positive difference between the degraded lactone minus thecan be lowered and the production can also be signifi-
produced lactone) starts right after the end of the growth. cantly increased. Although this strain grows a little more
For the MTLY36-2P mutant strain, the production profile slowly than the wild type, it is very efficient to produce
(Fig. 3) is very comparable showing without doubt the capac- y-decalactone in the conditions we used in this study which
ity of this strain to degradg-decalactone contrasting with ~ are not optimised.
the results obtained with the previongpox3Apox4Apox5
constructior14]. A possible explanation for these different
results is that the previous construction grew very slowly 4. Conclusion
whereas the new one grows at a rate similar to that of
the wild type. As the production of lactone is correlated In this study, the role of the various acyl-CoA oxidases
with the growth phase, a lactone degradation was observedof Y. lipolytica was specified. It was shown that Aox4p was
with the new construction after this phase (20 h) whereas, not only Implied in the regulation of the other acyl-CoA
with the previous construction, the growth phase lasted all oxidases, but also that it exhibited a non negligible activity
along the experiment and the ‘degradation phase’, in which on the entire spectrum of straight-chain acyl-CoA. Our re-
degradation is higher than production, was never reached.sults confirm the importance of the first steppebxidation
According to the present results, it can be concluded thatin the degradation of lipids by yeast but other steps are
Aox4p contributes to the degradatiompflecalactone. With  still to be studied[11]. From a biotechnological point of
our objective to avoid this reaction, it was thus necessary view, a strain with only a slightly altered growth and which

to delete also the Aox4p encoding gefROK4). exhibited no activity on short-chain substrates was con-
For the corresponding construction, MTLY40-2P, the structed. This type of construction is not only of great in-
v-decalactone production profile is very differefid. 3). terest to produce-decalactone but it can also be used for

The production occurs more rapidly, even before the end the production of several medium chain-length fatty acids-
of the lag growth phase, and increases rapidly reachingor alkane-degradation products.
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