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Abstract Promoters of the genes G3P, ICL1, POT1, POX1, POX2 and POX5 of the yeast Y.
lipolytica were studied in respect to their regulations and activities during growth on differ-
ent carbon sources. The aim of this study was to select suitable promoters for high expres-
sion of heterologous genes in this yeast. For this purpose the promoters were fused with the
reporter gene lacZ of E. coli and integrated as single copies into the genome of Y. lipolytica
strain PO1d. The measurement of expressed activities of B-galactosidase revealed that pICLI,
pPOX2 and pPOT]1 are the strongest regulable promoters available for Y. lipolytica, at present.
pPOX2 and pPOT1 were highly induced during growth on oleic acid and were completely re-
pressed by glucose and glycerol. pICL1 was strongly inducible by ethanol besides alkanes and
fatty acids, however, not completely repressible by glucose or glycerol. Ricinoleic acid methy!
ester appeared as a very strong inducer for pPOT1 and pPOX2, in spite of that it inhibited
growth of Y. lipolytica transformants.

Keywords: Yarrowia lipolytica, expression vectors, regulated promoters, lacZ expression

INTRODUCTION

The group of the so called “non-conventional” yeasts,
which addresses all other yeast species except Sac-
charomyces cerevisiae and Schizosaccharomyces pombe,
has received more and more attention in fundamental
research and biotechnology in the last two decades. The
ascomycetous, dimorphic yeast Yarrowia lipolytica is
one of the few species among them which were more
intensively studied in respect to its genetics, molecular
biology and biotechnological applications [1,2]. This
yeast is of special interest as a host for foreign gene ex-
pression and protein secretion because of its capability
to secrete large proteins in high amounts [3-6]). Most of
the genetic tools, like autonomously replicating plas-
mids [7-11] and gene amplification systems using mul-
tiple integrative plasmids [12,13] have been developed,
as well as efficient secretion signals for export of pro-
teins [14-16] have been characterized for Y. lipolytica.
There are also a few promoters available which are suit-
able for regulated high expression of foreign genes in
this yeast. The promoter of the XPR2 gene (pXPR2) is
the best studied and most often used among them
[6,17-20]. The XPRZ promoter is regulable by the pH
value and the carbon or nitrogen source in the medium,
however, it has the disadvantage that induction is pos-
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sible only in rich, protein containing media, but not in
minimal media. In the last years several new genes have
been cloned and characterized from Y. lipolytica open-
ing the chance to select a promoter for heterologous
gene expression, which enables regulated high level of
expression in minimal medium.

Studies on the activity of the glyoxylate cycle, the B-
oxidation of fatty acids and the glycerol metabolism in
Y. lipolytica have shown that there exist several highly
expressed genes which are inducible/repressible by dif-
ferent carbon sources. Among them the genes encoding
glycerol-3-phosphate dehydrogenase (G3P) (acc. no:
AJ250328), isocitrate lyase (ICLI, acc. no: X72848) [21],
3-oxo-acyl-CoA thiolase (POT1, acc. no: X69988) [22],
and acyl-CoA oxidases (POX1, POX2, POX5, acc. no.:
AJ001299, AJ001300, AJ001303, respectively) [23,24] are
well studied. It was, therefore, the aim of this investiga-
tion to compare the promoters of the genes G3P, ICLI,
POTI, POX1, POX2 and POX5 among themselves and
with the XPR2 promoter in respect to their regulation
by the carbon source of the medium and their strength
of triggering gene expression. For this purpose these
promoters were fused with the reporter gene lacZ from
E. coli and integrated as single copies into the genome
of a haploid strain of Y. lipolytica to compare expressed
B-galactosidase activities.
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MATERIALS AND METHODS

Strains, Media, and Culture Conditions

Transformation and amplification of recombinant
plasmid DNA was done in E. coli DH5ac (supE44
AlacU169 (¢80 lacZ AM 15) hsdR17 recAl endAl
gvrA96 thi-1 relAl). E. coli cells were grown at 37°C in
LB medium [25] or in LB medium containing ampicil-
lin (100 pg/ml) in case of transformed cells.

Y. lipolytica strain POld (MATA leu2-270 ura3-302
xpr2-322 SUC2) [12] was used for expression studies.
The Y. lipolytica strains were grown at 28°C in com-
plete medium YPD [1] or in minimal medium yeast ni-
trogen base (YNB, Difco) with 1% of different carbon
sources (glucose, glycerol, ethanol, oleic acid, ricinoleic
acid methyl ester, dodecane, hexadecane) as indicated in
the text. Oleic acid and ricinoleic acid methyl ester were
given together with Tween 80 (final concentration
0.05%) as emulsifier and suspensions were sonicated
before inoculation. Dodecane and hexadecane were
supplied to a filter paper in the lid of the petri dishes as
described [26].

Minimal medium was adjusted to pH 6.8 with 50
mM sodium/potassium phosphate buffer. Uracil and
thiamine were supplied to minimal medium at 40 mg/L
and 300 pg/L, respectively.

Integrative transformants of Y lipolytica were se-
lected on solid YNB with 2% glucose and uracil (YNB)
[23,24]. Agar (20 g/L) was added for preparation of solid
media.

For induction experiments, cells from a 24 h YPD cul-
ture were centrifuged, washed twice with minimal me-
dium without carbon source and used to inoculate the
culture in YNB with carbon source at an initial cell con-
centration of ODgy, 0.5 to 1.

For B-galactosidase plate assay Y. lipolytica transfor-
mants on YNB with one of the carbon sources and 40
ug/mL X-gal together with of 50 mM phosphate buffer
(pH 7.4) was used.

DNA Manipulations and Plasmids Constructions

All basic DNA manipulation procedures were per-
formed according to Sambrook et al [25] and Ausubel
et al. {27]

The plasmids pINA-G3P pIL43 (28], pINA-POXI,
pINA-POX2, pINA-POXS {24], pSXPr [29] were used for
PCR based amplification or direct isolation of the pro-
moter-lacZ fusions of the genes G3P, ICLI, POTI,
POX1, POX2 and POX5, respectively. Primer used for
PCR based construction of links between the lacZ gene
and the inserted promoters as well as primers used for
creation of probes for Southern blot hybridization are
shown in Table 1.

For construction of single-copy expression vectors the
plasmid pINA354b, a derivative of plasmid pINA354
[17], was used (Fig. 1). This plasmid was constructed by
deletion of the BamHI site located downstream to the
lacZ gene in pINA354. For this purpose, plasmid
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Table 1. List of primers used for PCR based construction of
links between the lacZ gene and the inserted promoters in
pINA354b derivatives and creation of probes for Southern
hybridisation. Underlined sequences mark the restriction sites
for BamHI and Notl

Primer  Sequence in 5’ - 3' direction

Al174N1  gce gea cte gtg cgg ccg cag ctt cct atg cge ctt tet cte tge

A174N2  gac gca aaa ttt gtg tac agg cge cta ggg gea gag

Al174N3  ggt ggc age ggt tet aac age goc tag gga cgt gac gagtg
LacZ-17 aaacggcgg att gaccg

ICL-CAL ccc gta cta acc cag tge aag ctt geg atg ccg tc
acol-P1  act gtg cgg ccg ctc ggg gag ctt tct ge
acol-P2  ctc gag tgg atc cag gtt get tce atg gec caa ¢
aco2-P1  aca cagcgg ceg cac ata ctg tta cac tge tec g
aco2-P2  ctc gag agg atc cag gtt gga gec atg gee cag

aco5-P1  ggg ggc gge cgeggt acc cat gac gta caa acc ¢
acod-P2  ctc gag agg atc cac gtt aga tcc gLy acc cag

pINA354 was partially digested with BamHI and filled
in with T4 polymerase. Enzymes were heat inactivated
and plasmid was religated before transformation of E.
coli DH50c. Deletion of the desired restriction site was
tested by restriction analysis. pINA354b contains a hy-
brid promoter (XPR2c=hp4d) (20,30] fused with the 5’
end of the lacZ gene of E. coli, the terminator of the
XPR2 gene (XPR2ter) of Y. lipolytica at the 3' end of
lacZ, the LEUZ2 gene as a marker for selection in Y
lipolytica and the amp® gene for selection of transfor-
mants in E. coli (Fig. 1). Plasmid Bluescript KS*
(Stratagene, La Jolla, CA, USA) was used for subcloning
the PCR created DNA fragments containing the pro-
moters of the POX1, POX2 and POXJ5 genes.

Transformation of Y. lipolytica and of E. coli Cells

Transformation of Y. lipolytica was performed by the
lithium acetate method as previously described [1].

Transformation of E. coli was carried out according to
Sambrook et al. [25].

Chromosomal DNA Preparation and Southern Blot
Analysis

Chromosomal DNA of Y. lipolytica transformants
was prepared according to Barth and Gaillardin [1], di-
gested with Apal and used for Southern blot analysis.
The probe used for estimation of single copy integration
was prepared by PCR from plasmid pINA354b using the
primers lacZ-17 and ICL-GAL (Table 1). Labelling of this
probe containing a C-terminal fragment of the lacZ
gene (299 bp) and detection in Southern blot hybridiza-
tion was performed using the random prime labelling
and detection system (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, UK).

DNA Sequencing

DNA sequencing was carried out according to Sanger
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Fig. 1. Single copy integrative vectors for studying the regulation and expression strength of Y lipolytica promoters. Plasmid
pINA354b was used as basic vector for insertion of different promoters by exchanging the hybrid promoter hp4d in front of the lacZ
gene. pINA354b-ICL1 is shown as representative for the resulting other constructions used. The promoter-lacZ fusions were created
by PCR and inserted in Notl and BamHI. The derived plasmids were linearized by Apal or Xmal and integrated into the leu2-270 or
ICL1 loci, respectively, in the Y. lipolytica strain PO1d. ICL1prD = promoter of the ICLI gene followed by the intron in the ATG of
ICL1, XPR2ter = terminator of the XPR2 gene, lacZ = B-galactosidase gene of E. coli, amp* = ampicillin resistant gene.

et al. [31] using the multiwell sequencing kit of Amer-
sham Pharmacia Biotech (Little Chalfont, Buckingham-
shire, UK).

Determination of p-Galactosidase Activity

The B-galactosidase activity was measured by the
toluene permeabilized cell assay as described previously
[27,32]. In each case double measurements of three in-
dependently performed cultivation of transformants
were done.

RESULTS AND DISCUSSION
Vector Construction

We have chosen the genes G3P, ICLI, POTI1, POX1,
POX2 and POX5 to check their promoters for usage in
heterologous gene expression in Y. lipolytica. For this
purpose the promoters were introduced in pINA354b
fused to the 5' end of the lacZ gene of E. coli. The
Notl/Clal fragment from plasmid pIL43 [28] containing
the ICL1 promoter with part of the 5° end of the lacZ
gene was inserted into the Notl/Clal (partially) digested
vector pINA354b getting plasmid pINA354b-ICL1 (Fig.
1). The ICLI promoter contained still the intron of the
ICL1 gene, which is correctly spliced and has no effect
on expression level {28].

Promoter of gene POT1 was isolated as Notl/Clal
fragment from plasmid pSXPR and also inserted into
the Notl/Clal (partially) digested vector pINA354b re-

sulting in plasmid pINA354b-POT1.

‘Construction of vectors for chromosomal integration
of POX1, POX2, and POX5 promoter-lacZ gene fusions
were done in following way. The POX1 promoter and
part of the ORF was amplified from plasmid pINA-
POX1 DNA using the primers (Table 1): acoI-P1 (this
being equivalent to region -1800 to -1772 of the POX1
promoter and was used to generate a Notl site) and
acol-P2 (is complementary to the +400 to +430 of the
POX1 ORF and was used to generate a BamHI site and
corresponding to a translational fusion at amino acid
100). The amplified 1.89 kb fragment was cloned in
Bluescript KS* and checked by DNA sequencing. The
resulting plasmid KS-POX1p was then digested with
Notl and partially with BamHI and used to replace the
Notl-BamHI XFPR2 fragment of the integrative vector
pINA354b. The resulting plasmid called pINA354b-
POX1p was introduced by transformation into Y.
lipolytica strain PO1d. The same procedure was done
for the construction of pINA354b-POX2p and
pINA354b-POX5p using primer combinations aco2-
P1/aco2-P2 and aco5-P1/aco5-P2, respectively.

The G3P gene harbours at the 5" end an intron. To
test whether the intron in the G3P gene has any effect
on expression level two fusions with lacZ were con-
structed. In first case lacZ was directly fused to the
ATG of the ORF of G3P (G3PB1), in second case the
OREF of lacZ started after the end of the intron in the
G3P gene (G3PB2). These two sequences of the G3P
promoter were synthesized by PCR from plasmid
pINA-G3P using the primer combinations A174N1/
Al174N2 and A174N1/A174N3 (Table 1) and as Notl/
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BamHI fragments inserted into the vector pINA354b.

The recombinant plasmids were amplified in E. coli
DHboc and the sequences of the expression cassettes
were confirmed by DNA sequencing. These recombi-
nant plasmids were linearized with Apal, except
pINA354b-ICL1 which was digested with Xmal. Lin-
earized plasmids were used for transformation of Y.
lipolytica strain PO1d resulting in appearance of inte-
grative transformants after 3-4 days cultivation on
YNBcas plates. Additionally, a hybrid promoter (pXPR2,
= php4d), which contains four copies of the UAS1B
region of the XPR2 promoter cloned upstream of the
LEUZ minimal TATA box resulting in constitutive ex-
pression of the controlled gene [30], was also fused with
the lacZ gene and transformed into strain PO1d. A
transformant containing this constitutive promoter and
a transformant harbouring lacZ under control of the
original XPR2 promoter (plasmid pINA354) was in-
cluded for comparison in the following studies.

One clone from each transformation was selected for
further studies in a two step procedure. At first, clones
were screened for their lacZ expression on X-gal me-
dium with oleic acid as inducer of all promoters, except
the XPR2 promoter. In the second step the selected
transformants were checked by Southern blot hybridi-
zation for the presence of only one integrated copy of
plasmid DNA per cell (data not shown). Apal cut plas-
mids were directed to the LEU2 gene for integration,
whereas the Xmal linearized vector pINA354b-ICL1
was integrated into the promoter of the chromosomal
copy of the ICL1 gene.

Expression of the lacZ Gene under Control of
Different Promoters

To check which carbon source induces which pro-
moter a preliminary plate test was performed. In this
test each of the transformants described above was cul-
tivated on X-gal containing minimal medium with ei-
ther glucose, glycerol, ethanol, oleic acid, ricinoleic acid
methyl ester, dodecane or hexadecane as sole carbon
source. For this purpose the cells were pre-cultivated in
YFPD for 24 h and then transferred onto the plates (5 pL,
5 x 10° cells/mL) and incubated for 30 h at 28°C. The
blue colour of some colonies arising after this time
without any other treatment indicated high expression
of B-galactosidase activity. Following this first analysis
the plates were exposed to toluene vapour for one min-
ute and incubated at 37°C for additional 6 and 24 h to
detect weak activities of B-galactosidase. The results in
Table 2 demonstrate that the promoters of the genes
XPR2¢, ICLI and G3P were weakly active on glucose. In
contrast, all other promoters were completely repressed
during growth on glucose, glycerol or ethanol. Glycerol
strongly induced the G3P promoter, whereas the ICL1
promoter was very active on ethanol, oleic acid, rici-
noleic acid methyl ester, and moderately induced on
dodecane and hexadecane. As expected, the POT? and
POX2 promoters were not induced by glucose, glycerol
and ethanol but highly active on oleic acid, ricinoleic
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Table 2. Estimation of promoter activities by blue staining of
colonies after cultivation on YNB+ different carbon sources
for 30 h. RM = ricinoleic acid methyl ester, (~) no blue colour,
(+) and (++) blue colour occurred after treatment with
toluene after 24 h or (+++) after 3-6 h at 37°C, (++++)
blue colour occurred without toluene treatment

Promoter |Glucose Glycerol Ethanol ?:;C RM  Dodecane Hexadecane
XPR2 - - - - - - -
XPR2c + + + + + + +
ICL1 —+ + +H+ 4 A+ ++
G3P + +++ + + + + +
POT! - - - +4++ ++++ ++ ++
POX1 - - - - —+ -+ -+
POX2 - - - +++ A+t +++
POX5 - - - - -+ -+ -+

acid methyl ester and on both tested alkanes. The POX2
promoter seems to be highly induced on both alkanes
whereas the POTI promoter, similar to the ICLI pro-
moter, is only moderately active. In contrast, the POX1
and POXS5 promoters were only weakly induced by rici-
noleic acid methy! ester, dodecane and hexadecane.
However, it has to be mentioned, that strain PO1d has,
in contrast to other strains of Y lipolytica, a very long
lag phase after transfer of cells to alkane containing
medium. Therefore, the expression levels of genes en-
coding enzymes of the f-oxidation and the gluconeo-
genetic pathway in strain PO1d on alkanes may not be
representative for other strains of Y. lipolytica.

pXPRZc was slightly induced by all carbon sources, as
expected for a constitutive promoter, whereas pXPR2
was not active on these media, at all.

In the second step of this study the time course of
expression of B-galactosidase activity under the control
of the different promoters was measured during cultiva-
tion of transformants in liquid minimal medium. Do-
decane and hexadecane were excluded from this investi-
gation, because of the very long lag phase of PO1ld
transformants in media containing these carbon sources.

The transformants were pre-cultivated as described
in Materials and Methods and used for inoculation of
minimal medium with either glucose, glycerol, oleic
acid or ricinoleic acid methy! ester. Cell density and B-
galactosidase activity were measured each hour for a
period of 12 h (Fig. 2(a), (b)). This study showed that
also high activity of p-galactosidase does not affect growth
(data not shown). However, growth on ricinoleic acid
methyl ester was restricted, because of accumulation of
y-decalactone, which inhibits growth [33].

In contrast to the plate assay the G3P promoter was
not highly induced during cultivation in glycerol con-
taining medium (Fig. 2(a)). The G3P promoter con-
structions differed in their expression levels. pG3PB2,
which contains the intron of G3P, is about two times
stronger on glucose, glycerol and oleic acid than
pG3PBI. These data suggest that the intron could have
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Fig. 2. (a) Expression of the reporter protein p-galactosidase in
single copy transformants of Y. lipolytica PO1d under the
control of different promoters in non-inducing conditions
during cultivation on glucose and glycerol. The B-galactosidase
activity was calculated as Miller units. The abbreviations
mean that promoters of following genes were fused to the
lacZ gene: POX2, POX5 = acyl-CoA-oxidase genes, G3P-B1 =
glycerol-3-phosphate dehydrogenase gene (lacZ-fusion at first
ATG of the ORF), G3P-B2 = glycerol-3-phosphate dehydro-
genase (lacZ-fusion after the intron of the G3P gene), POT] =
3-oxo-acyl-coA-thiolase gene, ICL] = isocitrate lyase gene
(fusion with lacZ after the intron of ICL1), XPR2 = alkaline
extracellular protease gene (constitutively expressed hybrid
promoter XPR2¢), (b) Expression of the reporter protein B-
galactosidase in single copy transformants of Y. lipolytica
PO1d under the control of different promoters in inducing
conditions during cultivation on oleic acid or ricinoleic acid
methyl ester. Abbreviations see Fig. 2(a).
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an enhancing effect on expression level. However, this
effect was not studied in detail during this investigation,
because of the moderate induction levels of both G3P
promoter constructions at all tested carbon sources.

The POX5 promoter was only weakly induced by
oleic acid and the XPR2 promoter was not active, at all,
confirming the results of the plate assay.

Ricinoleic acid methyl ester very strongly activates
the POT1 and POX2 promoters giving the highest ac-
tivities after 3 to 4 h of cultivation (Fig. 2(b)). These
results present ricinoleic acid methyl ester as the
strongest inducer for pPOX2 and pPOT! among the
tested carbon sources, in spite of the disadvantage, that
this carbon source inhibits growth of Y. lipolytica. Fur-
ther studies will elucidate whether ricinoleic acid
methyl ester can be used as strong inducer for hetero-
logous gene expression under control of the POTI or
the POX2 promoters in mixed substrate fermentations
or whether any effects will inhibit enzyme overpro-
duction under such conditions.

Oleic acid is the carbon source without any growth
inhibitory effect among the tested ones, which induced
the highest activation of the promoters of the ICL1 and
POX2 genes and to a little less extend of the POTI
promoter (Fig. 2(b)). Similar results were obtained with
the ICLI promoter on ethanol or acetate as sole carbon
sources (data not shown). The highest values of -
galactosidase activities of about 1000 to 1050 Miller
units were measured under control of the ICLI and
POX2 promoters and of about 800 Miller units with the
POT1 promoter on oleic acid. These activities are higher
than the activity with the XPR2 promoter under induc-
ing conditions, which do not exceed 540 Miller units
[17].

Summarizing this study elucidated that the POX2,
ICL1, and POTI promoters are the strongest available
promoters for Y. lipolytica, at present. These promoters
have the advantage that they are inducible by cheap
carbon sources in minimal media, what improves also
the purification procedures for secreted proteins. The
POX2 and POTI promoters are only inducible with
fatty acids, fatty acid derivatives or alkanes, what may
be, at least in some respect, a disadvantage for biote-
chnological applications. The [CLI promoter is addi-
tionally inducible by acetate or ethanol but is, in con-
trast to pPOX2 and pPOT], not completely repressible
by glucose or glycerol. Further studies using these pro-
moters inserted in the newly developed multiple copy
integration vectors [12,13] have already been started to
elucidate the potential of Y. lipolytica for heterologous
gene expression. First results of successful high expres-
sion of the bovine cytochrome P45017a ¢cDNA (CYP17)
and homologous NADPH-cytochrome P450 reductase
under the control of the ICLI promoter {28,34] as well
as of the homologous lipase gene LIP2 with the POX2
promoter (Nicaud, unpublished) demonstrate that these
promoters are very useful tools for induction of high
expression levels in Y. lipolytica.
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