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Abstract

Cytochrome ¢ peroxidase (CcP) uses hydrogen peroxide as an electron acceptor to oxidize cytochrome ¢ (Cc) in the mitochondrial
intermembrane space. A null allele of yeast CCP/ gene encoding CcP was created by one-step gene disruption method in a diploid yeast
strain. Haploid yeast cells with the disrupted CCP/ gene were viable and able to grow in a medium containing lactic acid or glycerol as an
energy source, indicating that CcP is not essential for both cell viability and respiration. However, CCPI-disrupted cells were more sensitive
to H,O, than wild-type cells. We also constructed a CCPI—lacZ fused gene and integrated this gene into yeast chromosomal DNA to monitor
the expression of CCPI gene. We found that expression of CCPI gene increases under respiratory culture conditions and by treatments with
H,0,. These results hint that the biological function of CcP is to reduce H,O, generated during aerobic respiratory process. Moreover,

expression of CCPI gene increased by treatments with peroxynitrite, indicating that CcP may act as a peroxynitrite scavenger.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Metabolically active cells generate reactive oxygen spe-
cies (ROS) such as superoxide radicals (O;), hydrogen
peroxide (H,0O,), hydroxyl radicals (H.O), singlet oxygen
('0,), and organic peroxides [1]. ROS react with various
cellular components such as DNA, proteins, and lipids
inducing oxidative modifications and fragmentation [2—4].
To fight against the ROS, cells have developed antioxidant
enzymes including superoxide dismutase, catalase, and
several peroxidases [5].

Mitochondrial electron transport chain is a major source
of ROS in eukaryotes. About 1-4% of oxygen molecules in
the mitochondria are incompletely reduced to ROS. Accord-
ing to in vitro studies, the complex III of the respiratory
chain is responsible for more than 80% of ROS produced in
yeast [6]. In budding yeast, cytochrome ¢ peroxidase (CcP)
uses hydrogen peroxide as an electron acceptor to oxidize
cytochrome ¢ (Cc) in the mitochondrial intermembrane
space [7]. Consequently, electrons to be transferred to
oxygen are consumed by CcP and, as a result, water is
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produced from hydrogen peroxide. Thus, CcP might be used
to detoxify hydrogen peroxide generated during the process
of mitochondrial respiration. Although biochemical studies
on structure and function of the CcP have actively been
carried on, the biological function of the CcP is still unclear.
In this study, we found that the CcP is not essential for both
cell viability and respiration. We also show that expression
of the CcP increases under respiratory culture conditions
and by treatments with H,O, or peroxynitrite, suggesting
that the biological function of CcP is to remove reactive
H,0, or peroxynitrite.

2. Materials and methods
2.1. Strains and culture conditions

The Saccharomyces cerevisiae strains used in this study
were described in Table 1. The standard yeast methods and
growth media were as described by Sherman et al. [8]. The
yeast cells were grown in YEPD (1% yeast extract, 2%
peptone, 2% glucose) or YEPG (1% yeast extract, 2%
peptone, 3% glycerol as non-fermentable carbon source) at
30 °C. For anaerobic growth, the culture medium was boiled
and degassed before inoculation. Then, mineral oil was
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Table 1
Yeast strains, plasmids, and primers used in this study

Description Source
IM749 MATa/MATo. his34200/his34200 leu2Al/leu2 Al lys2-801/lys2-801

trplA101/trp1 A101 ura3-52/ura3-52
KM1 MATa his34200 lys2-801 trpl A101 ura3-52 ccpl::LEU2 this study
KM2 MATo his34200 lys2-801 trpl A101 ura3-52 ccpl::LEU2 this study
KM3 MATa his34200 lys2-801 trpl A101 ura3-52 CCP1 this study
KM4 MATo his34200 lys2-801 trpl A101 ura3-52 CCP1 this study
KMS5 MATa/MATo. his34200/his34200 lys2-801/lys2-801 trpl1A101/trp1A101 this study

ura3-52/ura3-52 ccpl::LEU2/ccpl::LEU2
YAS MATo spoll ura3 hisl leu2 lys7 met3 trp5
YA6 MATa spoll ura3 hisl leu2 lys7 met3 trp5
pRS305 LEU2, YIp [17]
pRS306 URA3, Ylp [17]
YEp357 URA3, Ylp [18]
pJH4 pRS305-dcepl (3'A and 5'A) this study
pJHS YEp357-cepl-lacZ this study
T3 5-ATTAACCCTCACTAAAGGGA-3
T7 5'-TAATACGACTCACTATAGGG-3
pRS5 5-GCTTCCGGCTCCTATGTTGTGTG-3' this study
YEp3' 5-CTTCGCTATTACGCCAGCTGGCG-3 this study
CCP-NF 5-GTAGTCATGACTACACCGCTCGTTCATGTC-3 this study
CCP-NR 5-AGTACTCGAGTCTTAAACCTTGTTCCTCTAAAGTC-3 this study
CpF5'R 5-CCCGAATTCGATCTCGCCAATGGAAATTCC-3 this study
CpR3'H 5-CCCAAGCTTGGAGAACAGGTAGAGAGACCT-3' this study

overlaid onto the surface of the medium and the culture was
placed in a candle jar at 30 °C. Exponentially grown cells
were harvested at the ODggo of 0.5—1.0. Stationary-phase
cells were grown for 2 days. The Escherichia coli strain
IJM109 [9] was used for cloning, maintenance, and propaga-
tion of recombinant plasmids. E. coli cells were grown in LB
media (1% tryptone, 0.5% yeast extract, 0.5% NaCl, pH 7.5).
When needed, ampicillin (50 mg/l) was added to the LB.

2.2. Manipulation of plasmid DNA

Plasmid DNA was prepared from overnight culture of E.
coli by the boiling method of Holmes and Quigley [10] or
by the large-scale alkaline extraction method of Marko et al.
[11]. Genomic DNA was prepared from yeast cells as
described by Hoffman and Winston [12]. Enzyme reactions
for DNA manipulation and agarose gel electrophoreses of
DNA were performed according to Sambrook et al. [13].
Specific DNA segments were amplified by polymerase
chain reactions, and the amplified products were analyzed
by agarose gel electrophoresis.

2.3. Transformation

Yeast transformation was carried out using the lithium
chloride method of Ito et al. [14], and E. coli transformation
was performed as Cohen et al. [15].

2.4. Disruption of CCPI gene

The yeast CCP1 gene encoding CcP was disrupted by the
one-step gene disruption technique [16]. We have first

constructed a recombinant plasmid pJH4 containing an
internal 400-bp segment of the yeast CCPI gene by sub-
cloning the Sal/l-HindIll fragment located from +595 to
+995 of the CCPI/ ORF into a yeast integrative vector
pRS305 carrying a LEU?2 selectable marker [17]. Then, a
diploid yeast strain JM749 (Table 1) was transformed to
Leu" with the pJH4 linearized at the unique Ncol recogni-
tion site present on +772 of the CCP/ ORF. One of the
transformants was designated JM749 (CCPl/ccpl::LEU2)
and the correct integration of the pJH4 into the chromo-
somal CCP1 locus was confirmed by amplifying an 886-bp
DNA from the genomic DNA of the transformant with the
T7 primer and the CCP-NF primer (Table 1) ranging from
+205 to +225 of the CCPI. The integration was further
confirmed by amplifying a 552-bp DNA with the T3 primer
and the CCP-NR primer (Table 1) complementary to a
region from + 1065 to +1086 of the CCP].

2.5. Construction of ccpl—lacZ fusion

An upstream region of CCP/ gene containing 303 nucleo-
tides of 5’ noncoding region and 69 nucleotides of the amino
terminal coding sequence of CCPI (—303 to +69) was
PCR-amplified by using a paired set of primers CpF5'R and
CpR3’H (Table 1) and fused to the promoterless lacZ gene of
YEp357 [18] in frame resulting in the construction of a
recombinant plasmid designated pJHS. Subsequently, The
Ndel—EcoRlI fragment containing the URA3 marker gene of
the yeast integrative plasmid pRS306 was replaced with the
Ndel—EcoRI fragment containing the URA3 marker [17] and
the ccpl—lacZ reporter gene of pJHS, and the resulting
integrative plasmid was designated pJH7.
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2.6. p-Galactosidase assay

Logarithmically grown yeast cells in 5-ml liquid medium
were harvested by centrifugation, washed once with 1-ml
cold water and the pellet was resuspended in 500-pul Z
buffer (40 mM NaH,PO,, 60 mM Na,HPO,, 10 mM KClI,
1 mM MgSO,, 50 mM mercaptoethanol, pH 7.0) contain-
ing 0.4-g acid-washed glass beads with the diameter of
0.43—0.60 mm. Cells were disrupted for 30 s using a vortex
mixer four times, with chilling on ice for 1 min after every
agitation. The mixture was centrifuged at 15,000 X g at 4
°C for 10 min, and the supernatant was used for the -
galactosidase assay [19] and the determination of protein
concentration [20]. Enzyme activities were measured for
two independent cultures and averaged. Specific activities
of -galactosidase were expressed as Miller units (1000 X
Agpo/min/mg protein).

3. Results and discussion
3.1. CcP is not essential for viability and respiration

Cells of the diploid yeast strain IM749 (CCPl/cepl ::
LEU?2) were induced to sporulate by cultivating the cells in
1% potassium acetate for 3 days. The induced spores were
separated individually with glass beads of 0.1 mm in
diameter and their mating types were determined by cross-
ing them with tester strains YAS and YA6 (Table 1),
respectively. Out of 138 haploid clones, 35 were a Leu"
(cepl ::LEU2), 48 were o Leu” (CCPI), 29 were a Leu"
(cepl::LEU2), and 26 were o Leu™ (CCPI). Because CCP1
and ccpl::LEU2 genotypes were segregated at about 1:1
ratio, CcP does not appear essential for sporulation and cell
viability. This result is consistent with that of Winzeler et al.
[21]. Representative haploid clones were then designated
KMI for a cepl :: LEU2, KM2 for o cepl ::LEU2, KM3 for
a CCP1, and KM4 for o« CCP1. All of the four strains grew
well in YEPG medium which cannot support the growth of
respiration-deficient cells, indicating that CcP is not essen-
tial for respiration, either. Thus, the ROS produced during
aerobic respiratory growth of CcP-negative cells seem to be
sufficiently detoxified by complementary defense mecha-

Table 2
Effects of hydrogen peroxide and 3-aminotriazole on the growth of yeast
cells”

Strains 0 mM H,O, 2 mM H,0, 2 mM H,0, +2 mM 3-AT
Ist 2nd Ist 2nd Ist 2nd

KM1 0.76 0.86 0.16 0.23 0.12 0.18

KM2 0.82 0.78 0.15 0.16 0.13 0.09

KM3 0.75 1.07 0.65 1.02 0.59 0.80

KM4 0.80 0.94 0.68 0.85 0.66 0.74

? Yeast cells treated with hydrogen peroxide and 3-aminotriazole were
grown in YEPG overnight, and optical densities of the cells were measured
at 600 nm. Results of two independent tests were shown.
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Fig. 1. p-Galactosidase activities expressed from ccpl—lacZ gene of yeast
cells. Cells of KM1 to KM4 were grown with YEP + glucose media to
exponential phase or stationary phase. Open, closed, and hatched bars
represent the B-galactosidase activities of the strains grown to exponential
phase aerobically, stationary phase aerobically, and stationary phase
anaerobically, respectively.

nisms such as catalases, superoxide dismutases, and other
peroxidases than CcP [22-24]. CcP, however, is likely to
play an important role in scavenging an excess amount of
H>0,. Growth of the CcP-deficient KM1 and KM2 was
noticeably retarded in the presence of 2 mM H,0O,, while the
CcP-positive KM3 and KM4 grew normally in the presence
of 2 mM H,O, (Table 2). Furthermore, when both 2 mM
H,O, and 2 mM aminotriazole (3-amino-1,2,4-triazole),
which is a catalase inhibitor [25], were treated, the CcP-
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Fig. 2. p-Galactosidase activities expressed from ccpl —lacZ gene of yeast
cells. Cells of KM1 to KM4 were grown with YEP + glucose media to
exponential phase. Closed, slashed, open, and gray bars represent the pB-
galactosidase activities of the strains treated for 2 h with no chemical, 2 mM
3-aminotriazole, 2 mM hydrogen peroxide, and 2 mM 3-aminotriazole plus
2 mM hydrogen peroxide, respectively.
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positive KM3 and KM4 grew slightly slower than the KM3
and KM4 cells with no treatment, but the CcP-negative
KM1 and KM2 cells grew even slower than the KM1 and
KM2 cells treated with only 2 mM H,O, (Table 2).

3.2. The expression level of CCPI is increased in aerobic
condition

In order to investigate the quantitative response of CCP1
gene under various growth conditions, we first constructed a
recombinant plasmid pJH7 containing a ccpl—lacZ reporter
gene as described in Section 2.5. To maintain the constant
copy number of the ccpl—IlacZ fusion, we integrated the
pJH7 at the chromosomal ura3 loci of KM1 to KM4 by
transforming the yeast cells to Ura" with the pJH7 linearized
at the unique Stul recognition site within the URA3 marker
gene. Correct integrations of the fusion into the chromo-
somal ura3 were confirmed by amplifying a 657-bp DNA
with the pRS5’ primer and the YEp3' primer (Table 1). The
Ura" transformants of KM1 to KM4 with the integrated
cepl—lacZ at the ura3 loci were grown in YEPD liquid
media aerobically or anaerobically by using a candle jar, and
-galactosidase activities of the cultures were measured
(Fig. 1). Cells grown aerobically to the stationary phase
expressed the ccpl—IlacZ about 8- to 10-fold higher than
those grown anaerobically. The levels of the ccpl—lacZ
expression from cells grown aerobically to an exponential
phase, however, were much lower than those from station-
ary phase cells grown aerobically, although they were still
higher than those grown anaerobically (Fig. 1). These
results imply that the ROS produced during aerobic growth
increase the expression of the ccpl—IlacZ and the biological
role of CcP is the scavenger of hydrogen peroxide produced
during respiration. Consistently with our results, [zawa et al.
[26] have previously shown that ROS-scavenging enzymes
such as catalases and superoxide dismutase are detected to a
higher extent from yeast cells of a stationary phase than
those of an exponential phase.

3.3. H,O, and peroxynitrite elevate the expression of the
CCPI gene

Exponentially grown yeast cells KM1 to KM4 with the
integrated ccpl—IlacZ were treated for 2 h with a sublethal
concentration of 2 mM H,0O, and/or 2 mM aminotriazole,
which is a catalase inhibitor [25], and [-galactosidase
activities were measured from the cell extracts (Fig. 2).
Expression levels of the ccpl—IlacZ from cells treated with
H,0, were threefold higher than those without treatment
(Fig. 2). While expression levels of the ccpl—IlacZ from the
yeast cells treated with aminotriazole were not much differ-
ent from those of control cells, the ccpl—lacZ levels from
the cells treated with H,O, plus aminotriazole were slightly
higher than those from the H,O,-treated cells (Fig. 2). These
data indicate that the expression of the CCP/ is increased by
H,0, or H,O, plus 3-aminotriazole, which is consistent
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Fig. 3. P-Galactosidase activities expressed from ccpl—lacZ gene of yeast
cells. Cells of KM1 to KM4 were grown with YEP + glucose media to
exponential phase. Closed and open bars represent the P-galactosidase
activities of the strains treated for 2 h with no chemical and 1 mM
peroxynitrite, respectively.

with the suggested idea that the main role of CcP is to
remove H,O, produced during respiration. In order to see if
CcP can remove ROS other than H,O,, we treated the yeast
cells with peroxynitrite, which is produced by the rapid
reaction of superoxide anion and nitric oxide under certain
conditions including phagocytosis. When the exponential-
phase cells of KM1 to KM4 with the integrated ccpl—lacZ
were treated for 2 h with 1 mM peroxynitrite, 3-galactosi-
dase activities from the cell extracts were about twofold
higher than those from control cells (Fig. 3). This result
suggests that CcP might also act as a scavenger of perox-
ynitrite, helping yeast cells survive phagocytic attacks.
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