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The A0XI gene, which encodes an alternative oxidase, was isolated from the genomic DNA library of Candida
albicans. The gene encodes a polypeptide consisting of 379 amino acids with a calculated molecular mass of
43,975 Da. The aox1/aox]1 mutant strain did not show cyanide-resistant respiration under normal conditions
but could still induce cyanide-resistant respiration when treated with antimycin A. The measurement of
respiratory activity and Western blot analysis suggested the presence of another AOX. When C. albicans AOX1
was expressed in alternative oxidase-deficient Saccharomyces cerevisiae, it could confer cyanide-resistant res-

piration on S. cerevisiae.

In addition to the cytochrome-involved respiratory pathway,
higher plants (11), protists (6), and fungi (17, 22) are known to
possess an alternative, cyanide-resistant respiratory pathway,
which is specifically inhibited by hydroxamic acids (27). Cya-
nide-resistant respiration appears to be mediated by alterna-
tive oxidase (AOX), which is believed to accept electrons from
the ubiquinone pool of the main cytochrome pathway and to
reduce oxygen to water (2). The detailed nature and the phys-
iological roles of the alternative respiratory pathway mediated
by AOX are still poorly understood. Cyanide-resistant respi-
ration has been shown to be involved in thermogenic inflores-
cence (21), climacteric and ripening of fruits (15), and cell-type
proportioning during Dictyostelium development (19). Some
reports show that reactive oxygen species, such as superoxide
radical anion or hydrogen peroxide, induce the expression of
AOX (23, 32). These observations suggest that cyanide-resis-
tant respiration is related to defense systems against oxidative
stress.

In the dimorphic fungus Candida albicans, the existence of
cyanide-resistant respiration has been previously reported (1,
28). However, the process by which the alternative respiratory
pathway appears in this fungus is still controversial. As a first
step to investigate the nature and the physiological roles of
cyanide-resistant respiration in C. albicans, we isolated the
AOXI gene, which encodes an AOX, and report here the
effects of disruption and overexpression of the AOXI gene in
C. albicans. We also report the functional expression of the C.
albicans AOXI gene in Saccharomyces cerevisiae.

Yeast strains and media. The C. albicans and S. cerevisiae
strains used in this study are listed in Table 1. For routine
growth of cells, YPD medium (1% yeast extract, 2% peptone,
2% glucose) was used. The cells containing plasmids or dis-
rupted genes were cultured in synthetic dextrose (SD) minimal
medium with the appropriate supplement (29). Ura™ auxo-
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trophs were selected on SD minimal medium supplemented
with 625 mg of 5-fluoroorotic acid and 30 mg of uridine per
liter (FOA medium).

Isolation and characterization of the 40XI gene from C.
albicans. A genomic library of C. albicans was generated by
partially digesting chromosomal DNA with Sau3Al, followed
by ligation into N\EMBL3 vector (Stratagene) and packaging
with Gigapack II packaging extracts (Stratagene). From the
predicted amino acid sequences of AOXs from Sauromatum
guttatum (24), Arabidopsis thaliana (14), Glycine max (33),
Nicotiana tabacum (31), Mangifera indica (7), Trypanosoma
brucei (4), Hansenula anomala (25), and Neurospora crassa
(18), two highly conserved regions were identified, and the
degenerate oligonucleotide primers corresponding to residues
145 to 151 (AGVPGMYV) and 229 to 235 (GYLEEEA) of H.
anomala AOX (25)—5'-GCTGGTGT(C/T)CC(A/T)GGTAT
GGT-3" and 5'-GCTTCTTC(C/T)TCCAA(A/G)TAACC-3/,
respectively—were synthesized. PCR using the oligonucleotide
primer pair could amplify a DNA fragment of about 0.3 kbp
from the chromosomal DNA of C. albicans ATCC 10231.
When cloned and sequenced, the fragment showed a high
degree of amino acid sequence similarity to H. anomala AOX
upon BLAST searches of the GenBank database. The cloned
PCR product was used as a probe to screen the AEMBL3
genomic library. From positive clones, the common 3.2-kbp
EcoRV fragment was subcloned in pGEM-5Zf(+) (Promega)
and sequenced.

The cloned insert contained a continuous open reading
frame (ORF) of 1,140 bp that encodes a polypeptide consisting
of 379 amino acids with a calculated molecular mass of 43,975
Da. C. albicans AOX]1 did not contain the CUG codon, which
encodes serine in C. albicans but encodes leucine in S. cerevi-
siae and elsewhere (26). The nucleotide sequence of AOX1 did
not have the consensus sequence for splicing. The fact that the
gene does not contain an intron was confirmed by reverse
transcription-PCR (data not shown). The predicted amino acid
sequence of C. albicans AOX showed 54, 35, and 24% identity
to that of H. anomala AOX (25), N. crassa AOX (18), and S.
guttatum AOX (24), respectively. The hydropathy plot of AOX
obtained according to the method proposed by Kyte and
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TABLE 1. C. albicans and S. cerevisiae strains used in this study

Strain Genotype or phenotype Source or reference
C. albicans
ATCC 10231 Wild type ATCC?
CAl4 Aura3::iimm434/Aura3::imm434 9
WH301 Aura3::imm434/Aura3::imm434 Aaoxl::hisG-URA3-hisG/AOX1 This work
WH302 Aura3::iimm434/Aura3::imm434 Aaoxl::hisG/AOX1 This work
WH303 Aura3::imm434/Aura3::imm434 Aaox1::hisG/Aaox1::hisG-URA3-hisG This work
WH304 Aura3::iimm434/Aura3::imm434 Aaoxl::hisG/Aaox1::hisG This work
WH305 Aura3::imm434/Aura3::imm434 (pRC2312) This work”
WH306 Aura3::imm434/Aura3::imm434 (pWK302) This work®
S. cerevisiae
WH113 MATa/MATa ade2-1/ADE? his3-Al/his3-A200 leu2-3/LEU?2 leu2-112/LEU2 lys2-801a/LYS2 13
trp1-289/trpI A ura3-52/ura3-52
WH117 MATa/MATa ade2-1/ADE? his3-Al/his3-A200 leu2-3/LEU2 leu2-112/LEU2 lys2-801a/LYS2 13
trp1-289/trpI A ura3-52/ura3-52 (pRS424)
WH119 MATa/MATa ade2-1/ADE? his3-Al/his3-A200 leu2-3/LEU?2 leu2-112/LEU2 lys2-801a/LYS2 This work?

trp1-289/trpI A ura3-52/ura3-52 (pWK303)

“ ATCC, American Type Culture Collection.
b CAI4 + pRC2312.

¢ CAI4 + pWK302.

4 WH113 + pWK303.

Doolittle (16) predicted that the enzyme would be an integral
membrane protein with two transmembrane segments corre-
sponding to amino acid residues 176 to 194 and 239 to 257.
This prediction agreed well with the previous reports (20) in
which AOX was supposed to be an inner mitochondrial mem-
brane protein with two membrane-spanning helices. According
to the method proposed by Gavel and von Heijne (10), the
cleavage site for the mitochondrial presequence was predicted
to be between Ser residues at positions 42 and 43. The molec-
ular mass of the presumed mature form of C. albicans AOX,
which consists of 337 amino acids, was calculated to be 39,331
Da.

On genomic Southern analysis with the genomic DNA from
C. albicans ATCC 10231, four bands were detected when the
genomic DNA was digested with Clal, EcoRlI, or HindIII, and
two bands were detected when the genomic DNA was digested
with Xbal (data not shown). Since the nucleotide sequence of
AOXI ORF contains one Clal site, one EcoRI site, two
HindIII sites, and no Xbal site, this hybridization pattern
strongly suggested that AOX is encoded by a gene family with
two members in C. albicans. In order to estimate the mRNA
size and study the possible transcriptional regulation of AOX1,
Northern blot analysis was carried out. However, it was impos-
sible to obtain the signal for AOX1, presumably because of the
very low level of AOXT mRNA.

Disruption and overexpression of 40XI in C. albicans. Dis-
ruption of AOX1 in C. albicans was carried out as described by
Fonzi and Irwin (9). An in vitro construct was prepared by
replacing a portion of the coding region of AOXI with the
hisG-URA3-hisG sequence (Fig. 1A), and used to transform
CAI4. The resulting Ura™ transformants were screened by
Southern blot analysis, and the spontaneous Ura™ pop-out
revertants from them were selected on FOA medium. A ho-
mozygous disruption of AOXI was generated by repeating the
above procedure, and confirmed by PCR and Southern blot
analysis (Fig. 1B). In order to overexpress AOX1! in C. albicans,
we constructed the plasmid pWK302 by inserting the entire
AOXI gene and its flanking sequences into the plasmid
pRC2312 (3). C. albicans cells were transformed with the par-
ent plasmid pRC2312 or pWK302, and transformants contain-

ing either plasmid were selected by plating on uracil-deficient
medium.

Respiration of cells was measured polarographically at 25°C
by using a YSI 5300 Biological Oxygen Monitor Micro System
(Yellow Springs Instrument) as described by Minagawa and
Yoshimoto (22). The total respiration rate of fresh CAI4 was
approximately 108 nmol of O, - h™* - (mg of wet cell) " (Fig.
2A). When 1 mM KCN was added to the cells, the respiration
rate was reduced to 14 nmol of O, - h™" - (mg of wet cell) !,
which corresponds to the rate of cyanide-resistant respiration.
The total respiration rate of fresh WH304 was about 9% lower
than that of CAI4, and its cyanide-resistant respiration was
scarcely observed on the addition of KCN. The respiratory
behavior of WH305 carrying the empty vector pRC2312 was
somewhat similar to that of CAI4. In the case of WH306
transformed with pWK302 plasmid containing AOX1, the total
respiration rate was about 22% higher than that of WH305 as
a reference, and the rate did not change on the addition of
KCN. These results indicated that the cloned AOXI gene en-
codes a functional AOX enzyme.

It has been reported that the expression of AOX protein is
induced and cyanide-resistant respiration increases when the
cytochrome pathway is blocked by the respiratory inhibitors
(25, 30). To investigate the effects of respiratory inhibitor on
cyanide-resistant respiration of C. albicans, cells were incu-
bated in the presence of 10 uM antimycin A for 1 h as de-
scribed by Sakajo et al. (25). Incubation of CAI4 in the pres-
ence of 10 wM antimycin A greatly enhanced cyanide-resistant
respiration, the rate of which was almost identical to the total
respiration rate (Fig. 2B). Unexpectedly, WH304 treated with
antimycin A also showed cyanide-resistant respiration, the rate
of which was about 91% of that of CAI4. Considering that
WH304 is the aoxI/aoxl null mutant strain, this observation
strongly suggested that C. albicans may have another AOX,
which can be induced by antimycin A. The respiratory activity
of antimycin A-treated WH305 was similar to that of CAI4,
and the cyanide-resistant respiration rate of antimycin
A-treated WH306 was about 58% higher than that of WH305
as a reference.

For Western blot analysis, C. albicans mitochondria were
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FIG. 1. Sequential disruption of C. albicans AOXI. (A) Restriction map of
the AOX1 locus and insertion of the hisG-URA3-hisG cassette at the
Bgl1l/HindIII sites in the AOXI coding sequence. The endonuclease restriction
sites are abbreviated as follows: B, Bg/Il; C, Clal; E, EcoRI; ES5, EcoRV; H,
HindIII; P, Pstl; S, Spel; X, Xbal. (B) Southern blot analysis with the bracketed
sequence (as indicated in A) used as a probe. The DNA digested with Bg/II was
from the following strains: lane 1, CAI4, AOXI1/AOXI; lane 2, WH301,
Aaox1::hisG-URA3-hisG/AOXI; lane 3, WH302, Aaoxl:hisG/AOXI; lane 4,
WH303, AaoxI::hisG/Aaoxl::hisG-URA3-hisG; lane 5, WH304, Aaoxl:
hisG/Aaox1::hisG.

isolated as described previously (12); added to 125 mM Tris-
HCI, pH 6.8, containing 8% sodium dodecyl sulfate (SDS),
20% glycerol, and 0.004% bromophenol blue; and boiled for 2
min. Polyacrylamide gel (8%) was used for separating the
mitochondrial proteins. The resolved proteins were transferred
onto a nitrocellulose membrane (Schleicher & Schuell) and
probed with the antibody raised against the AOX protein from
S. guttatum (8) at dilutions of 1:1,000. Western blot analysis
with fresh cells showed that AOX was little expressed in
WH304 and the expression of AOX remarkably increased in
WH306 compared with WH305 (Fig. 3A). These results were
consistent with the measurement of respiration (Fig. 2A). In
Western blots, AOX from C. albicans appeared to occur as a
monomeric form with an apparent molecular mass of 39 kDa.
The apparent molecular mass of C. albicans AOX coincided
well with the predicted molecular mass of the mature enzyme
(39,331 Da). When WH304 was treated with antimycin A, we
could observe the induction of another AOX protein, which
occurred at the same position in SDS-polyacrylamide gel as
that of the cloned one (Fig. 3B). These observations demon-
strated the presence of another AOX, which is also supported
by the result of genomic Southern blot analysis, which indi-
cated that AOX is encoded by a gene family with two members
in C. albicans.

Functional expression of C. albicans AOXI in S. cerevisiae. 1t
has been reported that S. cerevisiae does not have cyanide-
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resistant respiration mediated by AOX (22). We introduced C.
albicans AOX]I into S. cerevisiae to see whether it can confer
cyanide-resistant respiration on S. cerevisiae. In order to ex-
press C. albicans AOXI in S. cerevisiae, we constructed the
plasmid pWK303 by inserting the entire AOXI gene and its
flanking sequences into the plasmid pRS424 (5). Then, S. cer-
evisiae cells were transformed with the parent plasmid pRS424
or pWK303, and Trp* transformants were selected. As ex-
pected, the respiration of WH117 carrying the empty vector
was completely inhibited by the addition of KCN (Fig. 2C). In
the case of WHI119 transformed with a multicopy plasmid
containing C. albicans AOXI, the total respiration rate was
about 80% higher than that of WH117 as a reference and the
addition of KCN did not affect the respiration rate. The total
respiration rate of WH117 incubated in the presence of 10 uM
antimycin A decreased dramatically (Fig. 2D). The respiratory
activity of antimycin A-treated cells of WH119 was similar to
that of fresh cells of WH119. In accordance with the measure-
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FIG. 2. Respiratory characteristics of C. albicans and S. cerevisiae strains.
Shown are respiratory activities of fresh cells of C. albicans (A), antimycin
A-treated cells of C. albicans (B), fresh cells of S. cerevisiae (C), and antimycin
A-treated cells of S. cerevisiae (D). Oxygen uptake in the absence (open bars) or
the presence (solid bars) of 1 mM KCN was measured with an oxygen monitor.
Data shown represent the means + standard errors (error bars) of three inde-
pendent experiments. The absence of an error bar indicates that the error was
too small to allow display of the error in the columns.
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FIG. 3. Western blot analysis of AOX. (A) Western blot analysis of AOX from fresh cells of CAI4 (lane 1), WH304 (lane 2), WH305 (lane 3), and WH306 (lane
4). (B) Western blot analysis of AOX from antimycin A-treated cells of CAI4 (lane 1) and WH304 (lane 2). (C) Western blot analysis of AOX from WH117 (lane 1)
and WH119 (lane 2). Mitochondrial proteins (30 pg) were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed with a
monoclonal antibody to AOX. Numbers on the left side of the immunoblots are molecular masses of the standards. The arrow on the right side of each immunoblot

indicates AOX.

ment of respiration, Western blot analysis demonstrated that
AOX was highly expressed in WH119 (Fig. 3C). These results
indicated that C. albicans AOX can be functionally expressed
in AOX-deficient S. cerevisiae and confirmed that the presence
of AOX is enough to carry out cyanide-resistant respiration.

According to Kumar and Soll (14), Arabidopsis AOX could
confer cyanide-resistance on E. coli; E. coli cells transformed
with a plasmid carrying the Arabidopsis AOX gene grew well in
the presence of 0.5 mM KCN, which suppressed growth of the
cells transformed with the empty vector. In order to examine if
C. albicans AOX could enhance cyanide-resistant growth of S.
cerevisiae, WH117 and WH119 were grown in the medium
containing 0.5 mM KCN and cell growth was monitored. The
presence of KCN significantly retarded the cell growth in both
strains. However, there was no difference in cell growth pattern
between WH117 and WH119 (data not shown). Presumably,
an unknown cyanide-resistant respiratory pathway inherent in
S. cerevisiae, which is not mediated by AOX, may be sufficient
to cause cyanide-resistant growth in S. cerevisiae.

Since seed germination, wound healing, flowering, and ex-
posure to cold shock or oxidants were shown to be associated
with increased AOX activity, AOX seems to be closely related
to cell differentiation or stress response. However, the precise
regulation mechanism and physiological roles of AOX have
not been fully understood yet. C. albicans, one of the dimor-
phic fungi, is a good model system for studying cell differen-
tiation and understanding the biology of eukaryotic organisms.
Therefore, the investigation of AOX in C. albicans is believed
to contribute greatly to elucidating the nature of cyanide-re-
sistant respiration. At present, we are attempting to clone
another AOX from C. albicans, which is induced by respiratory
inhibitors.

Nucleotide sequence accession number. The nucleotide se-
quence data reported in this paper have been submitted to
GenBank under accession no. AF031229.
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