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Abstract

The ALK2 gene, encoding one of the n-alkane-hydroxylating cytochromes P450 in Candida maltosa, is induced by n-alkanes and
a peroxisome proliferator, clofibrate. Deletion analysis of this gene�s promoter revealed two cis-acting elements—an n-alkane-re-
sponsive element (ARE2) and a clofibrate-responsive element (CRE2)—that partly overlap in sequence but have distinct functions.
ARE2-mediated activation responded to n-alkanes but not to clofibrate and was repressed by glucose. CRE2-mediated activation
responded to polyunsaturated fatty acids and steroid hormones as well as to peroxisome proliferators but not to n-alkanes, and it
was not repressed by glucose. Both elements mediated activation by oleic acid. Mutational analysis demonstrated that three CCG
sequences in CRE2 were critical to the activation by clofibrate as well as to the in vitro binding of a specific protein to this element.
These findings suggest that ALK2 is induced by peroxisome proliferators and steroid hormones through a specific CRE2-mediated
regulatory mechanism.
� 2005 Elsevier Inc. All rights reserved.
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Cytochromes P450 (P450s) constitute a superfamily
of ubiquitous heme-containing monooxygenases that
metabolize a wide variety of endogenous and xenobiotic
hydrophobic compounds [1,2]. n-Alkane-assimilating
yeasts, such as Candida maltosa [3–6], Candida tropicalis

[7–10], and Yarrowia lipolytica [11,12], have P450s that
catalyze the terminal hydroxylation of n-alkanes and
fatty acids for the assimilation of these compounds.
These P450s, designated P450alks, are classified into
the CYP52 family. Most alkane-assimilating yeasts have
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multiple P450alk isozymes encoded by multiple ALK

genes. It has been reported that individual P450alk iso-
zymes differ from each other in their functions, which
suggests that they have evolved to utilize various long-
chain hydrocarbons. The growth of n-alkane-assimilat-
ing yeasts on n-alkane as a sole carbon source induces
the transcription of a series of genes encoding enzymes
involved in n-alkane assimilation, including P450alks
and b-oxidation enzymes. This transcriptional induction
is accompanied by the proliferation of endoplasmic
reticulum (ER) and peroxisomes where these enzymes
are located [13].

Candida maltosa has eight structurally related
P450alk genes: ALK1 to ALK8 [6]. Their expression is
repressed by glucose, derepressed by glycerol, and in-
duced by n-alkane at the transcriptional level (except
for ALK4, which is assumed to be a pseudogene) [6].
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Among them, four highly expressed genes—ALK1,
ALK2, ALK3, and ALK5—encode the primary
P450alk species in this yeast; this is inferred because
the disruptant in which all four of these genes were
simultaneously deleted could not grow on n-alkane as
a sole carbon source, and because the expression of
one of these four genes restored the growth of this
disruptant on hexadecane [14]. The individual P450alk
isozymes differ in specificity toward various lengths of
n-alkanes or fatty acids [14–18].

The molecular mechanism underlying the transcrip-
tional induction of ALK genes in response to n-alkanes
or to fatty acids in n-alkane-assimilating yeasts has been
largely unknown. Recently, a gene encoding a basic he-
lix–loop–helix protein that binds to promoters containing
cis-elements was identified and was shown to be essential
for P450 induction in response to n-alkane inY. lipolytica

[19]. In Saccharomyces cerevisiae, the transcription factor
complex Oaf1p-Pip2p activates oleic acid-responsive per-
oxisomal genes via oleate response elements (OREs) in
their promoters [20–27]. However, it is unclear whether
these findings are generally applicable to the induction
mechanism of yeast P450alk genes or not.

The transcriptional induction properties of individual
P450alk isozymes in response to various species of
inducers are also diversified. Among the ALK genes in
C. maltosa, the induction of ALK2 is especially intrigu-
ing because this gene is significantly induced not only by
alkanes and fatty acids but also by peroxisome prolifer-
ators such as clofibrate, which are structurally unrelated
to long-chain hydrocarbons [28]. Peroxisome prolifera-
tors (PPs) constitute a class of structurally diverse
amphipathic chemicals including hypolipidemic fibrate
drugs and phthalate ester plasticizers. PPs trigger the
transcriptional induction of a wide variety of genes asso-
ciated with lipid metabolism, including genes coding for
the P450 subfamily CYP4A, which catalyzes fatty acid
hydroxylation as ALK2 in C. maltosa, leading to prolif-
eration of peroxisomes in mammalian cells [29]. Such a
response to PPs is mediated by a member of a nuclear
receptor superfamily, called peroxisome proliferator-ac-
tivated receptor a (PPARa). This particular PPARa
binds directly to PPs and activates transcription as a het-
erodimer with another nuclear receptor, retinoid X
receptor (RXR), via cis-acting elements called peroxi-
some proliferator response elements present in the pro-
moters of PP-responsive genes [30–33]. On the other
hand, in the bacterium Bacillus megaterium, cytochrome
P450BM-3, which catalyzes fatty acid hydroxylation, is
induced not only by fatty acids but also by some xeno-
biotics including some PPs. In B. megaterium, transcrip-
tional induction is achieved by the release of a repressor
from its operator site after the repressor binds inducer
chemicals [34]. In lower eukaryotes, the ALK2 gene of
C. maltosa is currently the only example of a PP-respon-
sive P450 gene. Although the transcriptional induction
mechanism of ALK2 in response to PPs is still entirely
unknown, the common property concerning the cata-
lytic activity of P450s as well as the species of their
inducing compounds suggests the possibility that this
gene�s induction mechanism is evolutionally conserved.

In this study, to investigate the molecular mechanism
of transcriptional induction of C. maltosa ALK2 in
response to distinct hydrophobic inducers, including
n-alkanes, peroxisome proliferators, and oleic acid, we
analyzed the gene�s promoter structure. We found that
n-alkane and clofibrate induced ALK2 transcription
through cis-acting promoter elements aligned in a partly
overlapped arrangement, and that these elements likely
mediated distinct transcriptional induction pathways.
Materials and methods

Strains and media. C. maltosa wild-type strain IAM12247 and its
derivative CHA1 (his5, ade1) [35] were used in this study. The media
used were YPD [1% yeast extract (Difco), 2% polypeptone (Wako),
and 2% glucose] and YNB [0.67% yeast nitrogen base without amino
acids (Difco)], the latter of which was supplemented with an appro-
priate carbon source, such as 2% glucose (SD), 2% glycerol (SG), 0.2%
n-dodecane, or 0.2% oleic acid. If necessary, adenine or histidine was
added to YNB at 24 lg/ml. Peroxisome proliferators, steroid hor-
mones, or other drugs were dissolved in dimethyl sulfoxide and added
to SG at the concentration described. Escherichia coli HB101 was used
for the plasmid preparation.

Construction of ALK2 promoter–reporter fusions. The PCR primers
used in this study are listed in Table 1 in the Supplementary data. All
ALK2 promoter–reporter constructs were made on the promoter probe
vector pPL1 [36]. Details of the plasmid construction are described in
the Supplementary data. The plasmid pPLA2-141 carries the 5 0 non-
coding region of ALK2 from nucleotides �141 to �1 (+1 is the first
nucleotide of the translation initiation codon) at the site just upstream
from the LAC4 ORF and expresses the reporter LAC4 at the basal
level in C. maltosa cells. ALK2 promoter fragments from �924, �625,
�530, �476, �398, and �221 to �142 were each PCR-amplified and
inserted between the SphI and StuI sites of pPLA2-141, to yield
plasmids pPLA2-924, pPLA2-625, pPLA2-530, pPLA2-476, pPLA2-
398, and pPLA2-221, respectively.

Plasmids were constructed to test the functions of the following
ALK2 promoter sub-regions (see the Supplementary data for details).
In those plasmids, four tandem copies of each of five ALK2 promoter
sub-regions—from �221 to �139, �149, �167, and �190, and from
�189 to �139—were inserted into the blunt-ended SphI site at the
�141st nucleotide of the ALK2 promoter of the plasmid pPLA2-141.
The constructed plasmids are pPL4xACRR2, pPL4xACRR2-2,
pPL4xARE2, pPL4xARE2-2, and pPL4xCRE2, in the order of the
fragments inserted above.

b-Galactosidase assay. CHA1 strains containing the reporter con-
structs were grown to the late-log phase in 8 ml SD, transferred to 8 ml
YNB containing various carbon sources or to 8 ml SG containing
various hydrophobic drugs, and cultivated for 6 h. Crude cell extracts
were then prepared and assayed for b-galactosidase activity as de-
scribed previously [36].

Preparation of partially purified cell extracts for DNA binding pro-

teins. C. maltosa IAM12247 were cultivated in SD medium to the late-
log phase, transferred to SD, SG, or SG with 1 mM clofibrate, and
grown for 6 h. Cells were harvested and suspended in 1 ml/g cells of
extraction buffer containing 100 mM Tris–HCl (pH 8.0), 10% glyc-
erol, 400 mM (NH4)2SO4, 10 mM MgCl2, 1 mM EDTA, 5 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF),
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and 1 ll/ml protease inhibitor cocktail (10 lg/ml each of leupeptin,
chymostatin, antipain, and pepstatin). Cells were disrupted using a
French pressure cell (SLM Instruments, Rochester, NY). Cell debris
and organelles were removed by two successive centrifugations (3000g
for 10 min, then 100,000g for 2 h). The resultant supernatant was di-
luted with three volumes of binding buffer [20 mM Tris–HCl (pH 8.0),
10% glycerol, 0.05% NP-40, 250 lM MgCl2, 100 lM ZnCl2, 1 mM
EDTA, 5 mM DTT, 1 mM PMSF, and 1 ll/ml protease inhibitor
cocktail] and passed through a heparin column (Amersham). The
column was washed with binding buffer containing 0.1 M NaCl, and
the bound proteins were eluted with binding buffer containing 1 M
NaCl. The eluted protein fraction was desalted by a PD-10 column
(Amersham).

Electrophoretic mobility shift assay. Double-stranded oligonucleo-
tides corresponding to wild-type or mutant CRE2 were end-labeled
with 32P using T4 polynucleotide kinase and used as a probe. About 1
ng of probe and 1–10 lg of partially purified cell extracts were incu-
bated in 20 ll binding buffer [20 mM Tris–HCl (pH 8.0), 10% glycerol,
0.05% NP-40, 100 mM NaCl, and 0.2 lg poly(dI–dC)] for 20 min at
room temperature. Samples were loaded onto 5% polyacrylamide gel
in 1· TBE buffer and electrophoresed for 1.5 h at 160 V. Radioactivity
in the gel was analyzed by FLA-3000 (Fuji). For the competition assay,
a 10- or 40-fold molar excess of unlabeled wild-type or mutant CRE2
DNA was added to the incubation mixture.
Results

Identification of an n-alkane- and clofibrate-responsive

region in ALK2 promoter

To identify the cis-acting promoter elements neces-
sary for the transcriptional induction of ALK2 in re-
sponse to n-alkane and/or clofibrate, deletion analysis
of the ALK2 promoter was carried out using Kluyvero-
Fig. 1. Deletion analysis of ALK2 promoter. C. maltosa CHA1 cells that car
on SG, YNB plus 0.2% n-dodecane, or SG plus 1 mM clofibrate for 6 h. b
activities are each the average of at least three independent assays.
myces lactis LAC4 as a reporter gene [36] (Fig. 1).
LAC4 encodes b-galactosidase and can be expressed
in C. maltosa, where the CUG codon is assigned for
LL-serine [37]. Both the n-dodecane- and clofibrate-
induced b-galactosidase activities gradually decreased
by successive deletion from the 5 0 end of the promoter
up to �222 (the nucleotide immediately before the initi-
ation codon is �1), and the ratios between these two
activities were kept roughly constant. By further deletion
up to �142, the responsiveness to both inducers was
abolished and the b-galactosidase activities were at the
levels of no induction. This result indicated that a region
necessary for the response to n-alkane and clofibrate is
present around the sequence from �221 to �142. To
confirm the function of this region, the four tandem
copies of the region from �221 to �139 were placed up-
stream from the position �141. The resultant promoter
induced about 4-fold and 14-fold greater reporter activ-
ity in response to n-alkane and clofibrate, respectively,
in comparison with the induction of the reporter con-
struct with a single copy of this region (pPLA2-221). This
suggests that the region from �221 to �139 contains
promoter elements for the response to n-alkane and clo-
fibrate. We named this 83-bp region ACRR2 (alkane and
clofibrate responsive region of ALK2).

Identification of elements responsive to n-alkane and/or

clofibrate within ACRR2

The nucleotide sequence of ACRR2 is AT-rich and
contains two types of motifs: CATGTG at the 5 0-end
ry partly deleted ALK2 promoter-LAC4 fusion constructs were grown
-Galactosidase activities in the cell extracts were measured. Indicated
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and three direct repeats of T(T/A)TCCG (Fig. 1). The
former sequence matches the E-box (CANNTG) se-
quence that could be the target of basic helix–loop–helix
(bHLH) transcription factors [38]. To analyze the func-
tions of these motifs in response to the representative
inducers—n-dodecane, oleic acid, and clofibrate—four
tandem copies of each of various sub-regions of ACRR2
were combined with the basal promoter–reporter con-
struct (pPLA2-141 in Fig. 1), and the responsiveness of
each sub-region to each inducer compoundwas evaluated
(Fig. 2A). Removal of the 3 0-end of the T(T/A)TCCG se-
quence fromACRR2 by deleting 10 base pairs resulted in
approximately 3.1-fold and 2.6-fold increases in reporter
activity in response to n-dodecane and oleic acid, respec-
tively, but resulted in no increase in response to clofibrate
(pPL4xACRR2-2 in Fig. 2) in comparison with the re-
sponse of full-lengthACRR2 (pPL4xACRR2).However,
under the noninducing condition where glycerol was the
sole carbon source, the reporter activity by this deletion
construct also increased by about 3-fold, suggesting that
this small deletion caused a general increase in promoter
activity. From this point of view, the removal of the 3 0-
terminal 10-bp sequence of ACRR2 might impair the
induction in response to clofibrate.
Fig. 2. Responsiveness of ACRR2 sub-regions to inducers. (A) C. maltosa CH
pPL4xARE2-2, pPL4xCRE2, or pPLA2-141 were grown on SG, YNB plus 0
for 6 h. b-Galactosidase activities in the cell extracts were measured. (B) Th
tested DNA regions. E-box and CCG triplet-containing motifs are underline
In the case of a 28-bp deletion from the 3 0-end of
ACRR2 (pPL4xARE2), which lost two of three direct
repeats containing CCG triplets, the induction level by
n-dodecane was almost the same as that of the complete
ACRR2, but the induction levels by oleic acid and clo-
fibrate were approximately 50% and 10% of those of
ACRR2, respectively. These results indicate that the de-
leted 3 0-end 28-bp sequence of ACRR2 is not necessary
for the response to n-alkane, but is partially necessary
for the response to oleic acid and almost essential for
the response to clofibrate. The 51-bp deletion from the
3 0-end of ACRR2 (pPL4xARE2-2) almost abolished
the induction of reporter activity in response to any of
the inducers, except for weak activity by n-dodecane.
These results suggested that the region from �189 to
�167 is important for the response to n-alkane and oleic
acid. The importance of the 51-bp region from �189 to
�139 of ACRR2 for the response to clofibrate was indi-
cated by the construct pPL4xCRE2, which gave very
high reporter activity in response to clofibrate—even
higher than that shown by the complete ACRR2. This
region also responded weakly to oleic acid and not at
all to n-dodecane. From these results we concluded that
the upstream 55-bp region from �221 to �167 in
A1 cells with plasmid pPL4xACRR2, pPL4xACRR2-2, pPL4xARE2,
.2% n-dodecane, YNB plus 0.2% oleic acid, or SG plus 1 mM clofibrate
e functions of ACRR2 sub-regions. Arrows indicate the end points of
d. ARE2 (�221 to �167) and CRE2 (�189 to �139) are indicated.
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ACRR2 is specifically involved in induction by n-alkane
and that the downstream 51-bp region from �189 to
�139 in ACRR2 is specifically involved in induction
by clofibrate. Therefore, we named the former region
ARE2 (n-alkane-responsive element of ALK2) and the
latter CRE2 (clofibrate-responsive element of ALK2).
Induction by oleic acid is probably mediated by both
elements.

CRE2-mediated induction is responsive to peroxisome

proliferators, polyunsaturated fatty acids, and steroid

hormones, and is not affected by glucose

We examined CRE2�s responsiveness to hydrophobic
chemicals other than clofibrate and oleic acid by using
the reporter construct pPL4xCRE2 (Fig. 3). As shown
in Fig. 3A, two other peroxisome proliferators, 1 mM
mono-(2-ethyl-hexyl)phthalate (MEHP), and 100 lM
Fig. 3. The effects of various compounds and glucose on the CRE2-
mediated reporter induction. (A) C. maltosa CHA1 cells with
pPL4xCRE2 were grown on SG (bar 1), SG plus 1 mM clofibrate
(bar 2), SG plus 1 mM MEHP (bar 3), SG plus 100 lM Wy14643 (bar
4), YNB plus 0.2% oleic acid (bar 5), YNB plus 0.2% linoleic acid (bar
6), YNB plus 0.2% linolenic acid (bar 7), YNB plus 1 mM arachidonic
acid (bar 8), SG plus 100 lM testosterone (bar 9), or SG plus 100 lM
b-estradiol (bar 10). (B) C. maltosa CHA1 cells with pPL4xARE2 (bars
1, 2, and 3) or pPL4xCRE2 (bars 4, 5, and 6) were grown on SG (bars
1 and 4), YNB plus 0.2% n-dodecane (bar 2), SD plus 0.2% n-dodecane
(bar 3), SG plus 1 mM clofibrate (lane 5), or SG plus 1 mM clofibrate
and 2% glucose (bar 6).
Wy14643, induced CRE2-mediated reporter activity.
Polyunsaturated fatty acids, including linoleic acid
(18:2), linolenic acid (18:3), and arachidonic acid
(20:6), which are known to highly activate PPARa, also
induced reporter activity. Moreover, steroid hormones
such as b-estradiol and testosterone at a concentration
of 100 lM induced higher reporter activity than what
clofibrate did. However, neither phenobarbital nor
dexamethasone, known as potent inducers for mamma-
lian drug-metabolizing P450s, induced CRE2-mediated
transcription (data not shown). Without CRE2 on the
reporter construct (pPLA2-141 in Fig. 2), neither of
these chemicals induced reporter activity (data not
shown). These results indicate that CRE2 mediates tran-
scriptional induction in response to certain types of per-
oxisome proliferators, unsaturated fatty acids, and
steroid hormones.

Because glucose repressed n-alkane�s ability to induce
P450alk genes, we investigated the effects of glucose on
ARE2- and CRE2-mediated transcription using cells
with pPL4xARE2 or pPL4xCRE2 (see Fig. 2) [6]. Fig.
3B indicates that, while glucose severely repressed
ARE2-mediated transcriptional induction by n-alkane
(bars 1, 2, and 3), it did not repress CRE2-mediated
induction by clofibrate (bars 4, 5, and 6).

CCG triplets in the directly repeated motifs are critical to

CRE2-mediated transcriptional induction

To examine the importance of the CCG triplets in the
repeated motif T(T/A)TCCG, the CCG triplets of
CRE2 were replaced with AAT singly or in combina-
tion, and four copies of the resultant mutant CRE2 were
placed, in a tandem array, upstream from the basal pro-
moter (Fig. 4A; the corresponding wild-type construct
was pPL4xCRE2). The mutation in any of the three
CCG triplets in CRE2 dramatically decreased the clofi-
brate-induced b-galactosidase activity of the cells with
these constructs (Fig. 4B). The mutation of the CCG
triplet at the 3 0 end (CRE2M3) was less effective than
those of the other two CCG triplets. The simultaneous
replacement of all three CCG triplets with AAT
(CRE2M4) abolished the induction of reporter activity.
The same CRE2M4 also abolished the induction by
oleic acid and estrogen (data not shown). These results
indicate that these CCG triplets are critical for the
CRE2-mediated response to inducer compounds.

CCG triplets in CRE2 are critical for the binding of

specific proteins to CRE2 in vitro

To investigate the binding of specific proteins to
CRE2, we carried out electrophoretic mobility shift as-
says (EMSA) using the labeled CRE2 or mutant
CRE2 DNA as a probe along with partially purified
cell extracts from cells grown under various conditions



Fig. 4. Effects of the mutations in CCG triplets on CRE2-mediated
reporter induction. (A) Mutant CRE2 and the reporter constructs. A
single CCG triplet was replaced with AAT (pPL4xCRE2M1,
pPL4xCRE2M2, and pPL4xCRE2M3) or all three were replaced
(pPL4xCRE2M4). (B) C. maltosa CHA1 cells with reporter constructs
were grown on SG plus or minus 1 mM clofibrate for 6 h, and b-
galactosidase assay was performed.

Fig. 5. Analysis of the binding of specific proteins to CRE2 in vitro by
EMSA. (A) 32P-labeled CRE2 was incubated with partially purified
cell extracts from the cells grown on SD (lane 2), SG (lane 3), or SG
plus 1 mM clofibrate (lane 4). The sample in lane 1 contains no
extracts. (B) 32P-labeled CRE2 (lane 1), CRE2M1 (lane 2), CRE2M2
(lane 3), CRE2M3 (lane 4), or CRE2M4 (lane 5) was incubated with
partially purified extracts from the cells grown on SG plus 1 mM
clofibrate. (C) A 10- or 40-fold molar excess of unlabeled CRE2 (lanes
3 and 4) or mutant CRE2 (CRE2M1, lanes 5 and 6; CRE2M2, lanes 7
and 8; CRE2M3, lanes 9 and 10; and CRE2M4, lanes 11 and 12) was
added to the reaction of (A, lane 4). Arrows indicate bands of the
CRE2–protein complex.
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(Fig. 5). As shown in Fig. 5A, a shift band of weak
intensity was given by the wild-type CRE2 DNA and
the extract of glucose-grown cells. The intensity of the
shift band was improved by the extract from glycerol-
grown cells and further improved by the extract from
the cells grown on glycerol plus clofibrate. These results
suggest that the derepressive and inducing conditions in-
crease the cellular amount or binding efficiency of
CRE2-binding protein(s).

When the mutant CRE2s (see Fig. 4) were used as
probes in conjunction with the clofibrate-induced cell
extract, the shift bands were very weak or undetectable
(especially in the case of CRE2M4) (Fig. 5B). The com-
petition assay showed that the mutant CRE2s were
much less competitive than the wild-type CRE2 (Fig.
5C). Among those mutants, cold CRE2M3 was compet-
itive to some extent and gave a faint shift band at 40-
fold excess concentration (Fig. 5C, lane 10), suggesting
that the third 3 0-end CCG of CRE2 is less essential than
the other two in binding specific proteins to CRE2. This
seems to correspond well to the moderate response of
CRE2M3 to clofibrate (Fig. 4B). Thus, the observed
correlation between the specific DNA–protein complex
formation and clofibrate-responsive transcriptional
induction by CRE2 or its mutant derivatives strongly
suggests that the protein(s) that bound to CRE2 in vitro
is the transcription factor involved in clofibrate re-
sponse. The CCG triplets should have a critical role(s)
in the binding of this transcription factor to CRE2.
Discussion

In this study, we have successfully identified two
small regions, ARE2 and CRE2, on the promoter of
the ALK2 gene encoding CYP52 family cytochrome
P450alk2: ARE2 functions in response to n-alkane and
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oleic acid, while CRE2 functions in response to some
peroxisome proliferators, unsaturated fatty acids, and
steroid hormones. The differences between the two, in
both their inducer chemicals and the degree to which
glucose suppresses them, suggest that these two elements
work on distinct transcriptional induction pathways.

The profile of inducer chemicals that activate tran-
scription via CRE2 is similar to that for the mammalian
nuclear receptors involved in the transcriptional induc-
tion of P450s [39]. One such nuclear receptor, PPARa,
is involved in the transcriptional activation of fatty
acid–metabolizing P450s and is highly activated by both
peroxisome proliferators and unsaturated fatty acids;
moreover, another nuclear receptor PXR is involved in
the transcriptional activation of drug-metabolizing
P450s of the CYP3A family and is highly activated by ste-
roids [33]. These nuclear receptors activate transcription
as heterodimers with RXR and recognize cis-acting pro-
moter elements consisting of direct repeats of closely lo-
cated unit motif sequences [30]. CRE2 also contains
direct-repeat motifs, suggesting the involvement of tran-
scription factors similar to the mammalian nuclear recep-
tors mentioned above. However, the two most essential
CCG motifs are 21 bp apart, and the mutation in any
of the three CCG motifs seriously damaged the function
of CRE2 in vivo and in vitro. These findings suggest that
the mechanism underlying transcriptional activation
through CRE2 is not necessarily the same as the mamma-
lian nuclear receptor system mentioned above.

Mutational analysis of the CCG triplets in CRE2
strongly suggests that the CRE2-bound protein(s) in
EMSA is the clofibrate-responsive transcription activa-
tor, and that the CCG triplets might be the targets of
such a transcription factor. CCG (or CGG in the oppo-
site direction) triplet-containing direct repeats are also
found in promoters of other ALK genes of C. maltosa,
although the sequences around the CCG triplets are
variable. Among such ALK genes, ALK3 also has the
n-alkane- and clofibrate-responsive region with CCG
triplets containing direct repeats on its promoter
(unpublished data). Hence, this motif could be one of
the common cis-acting clofibrate-responsive elements
in C. maltosa. CCG triplet-containing motifs are known
as the target sites of transcription factors that belong to
the fungal binuclear Cys(6)–Zn(2) cluster family [40];
thus, the transcription factor involved in clofibrate re-
sponse through CRE2 might also belong to this
Cys(6)–Zn(2) transcription factor family.

Recently, a CRE2-like sequence, containing a direct
repeat of CGGA(A/T)A accompanied by an AT-rich
stretch (5 0-CGGA(A/T)ATCGGATATTTTTTTT-3 0),
was identified as an estradiol-responsive element (drug-
responsive element, DRE) of genes encoding ATP-bind-
ing cassette transporters in C. albicans, a yeast closely
related to C. maltosa [41]. Furthermore, it is intriguing
that a Cys(6)–Zn(2) transcription factor has been identi-
fied as the specific DNA-binding protein to the pisatin-
responsive element in the filamentous fungus Nectria

haematococca. The pisatin-responsive element also had
a CCG triplet-containing direct repeat and was found
to be responsible for the induction of a P450 that func-
tions in the detoxification of this fungistatic isoflavonoid
[42]. These findings suggest that a similar transcription
factor(s) functions on CRE2 and on these drug-respon-
sive elements of these fungal species.

We also examined the importance of the E-box se-
quence (CATGTG) and a CCG triplet in the function
of ARE2 by introducing mutations into these two
sequences. The alteration of the former sequence to
ATTGCA resulted in an approximately 50% or 30%
reduction in reporter activity upon induction by n-dode-
cane or oleic acid, respectively, suggesting that the
E-box sequence is involved in the responses to both
inducers, though more to n-dodecane. The alteration
of the latter sequence to AAT resulted in an approxi-
mately 5% or 55% reduction in reporter activity upon
induction by n-dodecane or oleic acid, respectively (data
not shown), suggesting that the CCG motif is involved
in the response to oleic acid but not to n-alkane. These
results imply that ARE2 could be further dissected into
functional elements, although the removal of the 3 0-end
23 bp that includes the CCG motif largely reduced the
responsiveness to both n-dodecane and oleic acid (Fig.
2, pPL4xARE2-2).

In Y. lipolytica, another n-alkane-assimilating yeast,
promoter sequence ARE1, containing a direct repeat
of two E-box–like motifs, was specified as an n-alkane-
responsive cis-acting element [19,43]. Furthermore
YAS1, encoding a protein with a basic helix–loop–helix
motif, was identified as an essential gene for ARE1-med-
iated gene expression [19]. These findings imply the
involvement of a similar protein in the function of
C. maltosa ARE2, although the E-box-like motif is not
repeated in ARE2.

Our efforts are presently focused on the identification
of trans-acting factors that function on the cis-acting ele-
ments described here.
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