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Abstract To exploit prokaryotic antioxidant enzymes for
protection of animal cells from oxidative damage, we expressed
catalase-peroxidase of cyanobacterium Synechococcus PCC
7942 in 104C1 cells. The gene for this enzyme was inserted into
the mammalian expression vector pRc/CMV. The stable
transfectants obtained had higher specific activities of catalase
and as a result became more resistant to H2O2 or paraquat than
the parental cells. Subcellular fractionation and immunoblot
analysis revealed that the expressed catalase-peroxidase was
confined to the cytosol ; this localization may be the basis for the
effective protection of the transfectants from the oxidative cell
damage.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

Many reactions occurring in cellular oxygen metabolism
unavoidably generate reactive oxygen species, such as Oc3

2 ,
H2O2, and cOH, which are associated with various pathogenic
processes, e.g. carcinogenesis, in£ammation, radiation injury,
and aging [1]. The most highly reactive among these species is
cOH, which would be derived from H2O2 through the reaction
with Fe2� or Cu�. Therefore, decomposition of H2O2 is piv-
otal in the protection of the cell from oxidative damage, and
in fact, aerobic organisms possess catalase and peroxidase for
detoxication of H2O2 [1]. Prevention of oxidative cell damage
by an antioxidant enzyme has been tried by direct adminis-
tration of the enzyme itself both in vitro and in vivo. A more
challenging approach is to introduce a gene for the enzyme
into cells by gene transfer technique. Catalase is a choice
among antioxidant enzymes because it needs no other sub-
strate than H2O2 for its enzymic reaction. However, its
H2O2-scavenging ability is limited in terms of a poor a¤nity
for H2O2 (V1 M) and its discrete localization in peroxisomes.

Recently, we puri¢ed catalase-peroxidase (CPX) of the cy-
anobacterium Synechococcus PCC 7942 (S.7942) and also iso-
lated its gene [2]. This enzyme is composed of two identical
subunits with a molecular mass of 79 kDa and characterized
by a low Km value for H2O2 (4.6 mM). In this study, we have

employed this gene to confer resistance to oxidative stress on
animal cells by gene transfer technique. Because this enzyme
has no transit signal sequence to any organelles, it could be
localized in the cytosolic compartment when expressed in an-
imal cells. Guinea pig 104C1 cells harboring an expression
plasmid for the CPX gene have been shown to produce
CPX with the expected localization and to increase the resist-
ance to treatment not only with H2O2 but also with paraquat.

2. Materials and methods

2.1. Materials
The guinea pig cell line 104C1, established by Evans et al. [3], was

obtained from the Japanese Cancer Research Resources Bank. Pfu
DNA polymerase was purchased from Clontech, Palo Alto, CA;
pRc/CMV vector from Invitrogen, San Diego, CA; and M13 reverse
primer from Toyobo, Osaka, Japan. RPMI 1640, cell culture supple-
ments, and fetal calf serum were from Gibco BRL, Grand Island, NY.
All other chemicals were of the highest grade of purity commercially
available.

2.2. Construction of expression vector for S.7942 CPX gene
A previously obtained clone encoding the S.7942 CPX gene (des-

ignated pSCP2) [2] was used as a template for PCR ampli¢cation. A
sense primer (5P-AGACTGCCACCATGACAGCAACCCAGG-3P)
corresponding to nucleotides 3^29 was synthesized such that the Ko-
zak translational starting motif [4] was introduced around the initia-
tion codon, and M13 reverse primer was used as an antisense primer.
The PCR ampli¢cation was performed in 50 Wl reaction mixtures
containing 1.0 WM each of the primers, 1.25 units of Pfu DNA poly-
merase, 200 WM dNTPs, 20 mM Tris-HCl (pH 8.2), 2 mM MgCl2, 10
mM KCl, 6 mM ammonium sulfate, 0.1% Triton X-100, and 10 Wg/ml
bovine serum albumin. The PCR cycle consisted of 30 cycles at 94³C
for 1 min, 55³C for 1 min, and 72³C for 2 min. The PCR product was
cleaved at the NotI site located between the 3P end of the gene and the
site of M13 reverse primer, and ligated to the EcoRV/NotI site of
pBluescript SK�. The insert DNA was excised from the resulting
plasmid with HindIII and NotI, and ligated to the respective sites of
pRc/CMV, so that the CPX gene could be expressed under the control
of the CMV promoter (Fig. 1). The ¢nal construct (designated pRc/
CPX) was used to transform Escherichia coli JM 109, and the plasmid
was puri¢ed by CsCl density gradient centrifugation.

2.3. Transfection of 104C1 cells
Cells of the guinea pig cell line 104C1 were cultured in RPMI 1640

medium supplemented with 10% fetal calf serum, 100 units/ml pen-
icillin, and 100 Wg/ml streptomycin, at 37³C under atmosphere of 5%
CO2 and 95% air. Exponentially growing cells were transfected with
pRc/CPX by the calcium phosphate method [5]. The transfected cells
were subsequently selected in the RPMI 1640 medium containing 400
Wg/ml G418 by exchanging the medium every 3 days for 2 weeks, and
individual G418-resistant colonies were isolated using cloning cylin-
ders. Thereafter, the cloned cells were cultured in the RPMI 1640
medium containing 200 Wg/ml G418.

2.4. Enzyme assays
Cells were washed with Dulbecco's modi¢ed phosphate-bu¡ered

saline without Mg and Ca (PBS), suspended in 50 mM sodium phos-
phate bu¡er (pH 7.0), and sonicated in an ice-water bath by three 15 s
bursts with 30 s cooling intervals; and the resulting suspension was
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centrifuged at 12 000Ug at 4³C for 10 min. The supernatant was used
for enzyme assays.

Catalase activity was determined spectrophotometrically by meas-
uring the decrease in absorbance at 240 nm in a 1.0 ml solution
containing 50 mM sodium phosphate bu¡er (pH 7.0), 10.5 mM
H2O2, and enzyme at 27³C [2]. One unit of enzyme was de¢ned as
the quantity that catalyzes the decomposition of 1 Wmol of H2O2 in
1 min. Superoxide dismutase [6], glutathione peroxidase [7], and
glutathione S-transferase [8] were assayed by the methods described
in the cited references. The protein concentration was determined with
Coomassie Protein Assay Reagent (Pierce, Rockford, IL).

2.5. Immunoblot analysis
Proteins were heated in a sample solvent containing 2-mercapto-

ethanol, separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE, 10% gels) according to Laemmli [9], and
blotted onto a cellulose nitrate membrane (Advantec, Tokyo, Japan)
using a semidry electroblotting system (Taitec, Saitama, Japan). Vis-
ualization of S.7942 CPX was performed with its speci¢c antibody as
described previously [2].

2.6. Subcellular fractionation
The following procedures were carried out at 4³C. Cells were

washed with PBS and homogenized in 10 mM Tris-HCl (pH 7.4)
containing 0.25 M sucrose and 1 mM EDTA, using a glass homoge-
nizer with a Te£on pestle. The homogenate was centrifuged at
10 000Ug for 3 min, and the resulting supernatant was recentrifuged
at 100 000Ug for 30 min. Aliquots of subcellular organelle fractions
containing an equal amount of catalase activity were subjected to
immunoblot analysis as described above.

2.7. Cytotoxicity test with H2O2 and paraquat
pRc/CPX-transfected cells and the parental 104C1 cells were seeded

into 6 well microplates at 2^4U104 cells/well in 2 ml of RPMI 1640
medium containing 10% fetal calf serum. After the cells had grown to
semicon£uency, they were incubated with varying concentrations of
H2O2 or paraquat in 2 ml of RPMI 1640 medium containing 1% fetal
calf serum. After an appropriate period of incubation (3 h for H2O2

and 48 h for paraquat), the MTT assay was performed for determi-
nation of cell viability as described by Mosmann [10].

3. Results

3.1. Expression of S.7942 CPX in 104C1 cells
The S.7942 CPX gene was inserted into the mammalian

expression vector pRc/CMV, after the Kozak consensus se-
quence [4] was introduced around the initiation codon (Fig.
1). The resulting expression plasmid (pRc/CPX) was used for
transfection of 104C1 cells, and three G418-resistant stable
transfectants (designated 104C1-CPX1, 104C1-CPX2, and
104C1-CPX3) were isolated. Transfectant 104C1-CPX2 had
the highest catalase activity, followed by 104C1-CPX3 and
104C1-CPX1. The speci¢c activity of catalase in these trans-
fectants was about 2.0^6.6-fold greater than that in non-trans-
fected 104C1 cells or in control cells transfected with pRc/
CMV vector (Table 1). On the other hand, there was no sig-

ni¢cant di¡erence in activities of other cellular antioxidant
enzymes, such as superoxide dismutase, glutathione peroxi-
dase, and glutathione S-transferase, among the pRc/CPX-
transfected and non-transfected 104C1 cells (Table 1). Fig. 2
shows a result of immunoblot analysis for the CPX expressed
in the three transfectants. All of their extracts gave positive
bands at a position of the subunit molecular mass (79 kDa) of
S.7942 CPX [2], whereas the non-transfected cells and the cells
transfected with pRc/CMV vector showed no immunoreactive
band. The content of CPX protein expressed in the three
transfectants varied in parallel with the level of their catalase
activity.

The localization of the CPX expressed in pRc/CPX-trans-
fected 104C1 cells was examined by di¡erential centrifugation
of cell lysate from transfectant 104C1-CPX2. Catalase activity
was detected in both post-100 000Ug supernatant and post-
10 000Ug pellet fractions (data not shown). However, on im-
munoblot analysis, an immunoreactive band at a position of
79 kDa was observed only with the former fraction, and not
with the latter fraction, when an equal amount of catalase
activity (0.2 unit) from each fraction was tested (Fig. 3).
This result indicates that the expressed CPX is localized
only in the cytosolic compartment, and not in organelles
such as peroxisomes.
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Fig. 1. Structure of the expression plasmid pRc/CPX for expression
of S.7942 CPX. The PCR-ampli¢ed CPX gene was inserted into the
multicloning site of pRc/CMV, so that it could be expressed under
the control of the CMV promoter. The details of the construction
are described in Section 2.

Table 1
Activities of catalase and other antioxidant enzymes in 104C1 cells transfected with pRc/CPX

Cell line Catalasea Glutathione peroxidasea Glutathione S-transferasea Superoxide dismutaseb

104C1 9.9 þ 0.9 0.05 þ 0.005 0.98 þ 0.03 95.5 þ 3.5
104C1-pRc/CMV 8.4 þ 0.6 0.06 þ 0.003 0.73 þ 0.05 110.1 þ 8.0
104C1-CPX1 16.7 þ 0.7 0.05 þ 0.004 0.85 þ 0.04 109.5 þ 6.1
104C1-CPX2 55.3 þ 2.4 0.06 þ 0.005 0.92 þ 0.05 106.7 þ 5.2
104C1-CPX3 39.6 þ 1.1 0.07 þ 0.004 0.90 þ 0.05 107.4 þ 7.6
aWmol/min/mg protein.
bunits/mg protein.
Values are means þ S.D. of three independent experiments.
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3.2. Resistance of the transfectants to H2O2 or paraquat
We used the isolated transfectants to examine whether the

expressed CPX protects them from oxidative damage caused
by H2O2 or paraquat. Before this experiment, we ascertained
that there was no signi¢cant di¡erence in cell growth rate
among all transfectants and non-transfected 104C1 cells
(data not shown). The cell viability after incubation with vary-
ing concentrations of H2O2 for 3 h was assessed by the MTT
assay. The LD50 values were 280 WM for the non-transfected
104C1 cells, 370 WM for 104C1-CPX1, 820 WM for 104C1-
CPX2, and 650 WM for 104C1-CPX3 (Fig. 4A), the cellular
resistance to H2O2 being increased with an increase in the
level of the expressed CPX. Next, transfectant 104C1-CPX2
with the highest catalase activity was tested for protection
from paraquat toxicity. The LD50 of paraquat (48 h incuba-
tion) for the transfectant (640 WM) was much higher than that
for the non-transfected 104C1 cells (180 WM) (Fig. 4B). It has
been known that paraquat produces Oc3

2 via a cyclic redox
reaction with molecular oxygen and at the same time produces
H2O2 through disproportionation of the Oc3

2 . The obtained
results indicate that the CPX expressed in the cytosolic com-
partment suppresses cell damage caused by H2O2 that is gen-
erated inside the cell as well as by H2O2 that attacks the cell
from the outside.

4. Discussion

The aim of our study is to increase cellular antioxidative

capacity by genetic engineering of an antioxidant enzyme. We
chose the CPX gene of S.7942, whose gene product possesses
a higher a¤nity for H2O2 than mammalian catalase, and con-
structed a plasmid that renders animal cells able to express the
CPX under the control of the CMV promoter. When guinea
pig 104C1 cells were transfected with the plasmid, all three
stable transfectants isolated had increased levels (2.0^6.6-fold)
of catalase activity (Table 1). This is the ¢rst case to employ a
gene of prokaryotic origin for functional expression of an
antioxidant enzyme in animal cells.

A few recombinant systems for expression of mammalian
catalase cDNAs have been reported regarding the e¡ect of
overexpressed catalase on cytotoxicity caused by oxidative
stress. Two mouse epidermal cell transfectants with a human
catalase cDNA had 2.6- and 4.2-fold increases in catalase
activity and exhibited a resistance to extracellular burst of
Oc3

2 and H2O2 by xanthine oxidase reaction [11]. In contrast,
L-cells that expressed human catalase about 100-fold were
more sensitive than control cells to a variety of auto-oxidiz-
able substances including paraquat [12]. Transgenic mice that
overexpressed rat catalase in the heart were examined as to
whether they become resistant to doxorubicin-induced cardi-
otoxicity [13]. Transgenic mice expressing 60- or 90-fold cata-
lase activity compared with control mice showed a marked
resistance, whereas those expressing 200-fold or more catalase
activity did not. The transgenic mice expressing 60-fold cata-
lase activity was also reported to be resistant to ischemia-
reperfusion and hypoxia-reoxygenation injuries [14,15]. These
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Fig. 2. Immunoblot analysis for the CPX expressed in transfectants
with pRc/CPX. Cell extracts (50 Wg protein) from three cloned
transfectants and nontransfected 104C1 cells were subjected to SDS-
PAGE in a 10% gel and analyzed by immunoblotting using anti-
S.7942 CPX antibody.

Fig. 3. Subcellular localization of the CPX expressed in transfectant
104C1-CPX2. Subcellular fractionation of cell lysate from transfec-
tant 104C1-CPX2 was performed as described in Section 2. Aliquots
of subcellular organelle fractions containing an equal amount of cat-
alase activity (0.2 unit) were subjected to SDS-PAGE in a 10% gel
and analyzed by immunoblotting using anti-S.7942 CPX antibody.

Fig. 4. Viability of transfectants with pRc/CPX after incubation with H2O2 (A) and paraquat (B). The transfectants (R, 104C1-CPX1; b,
104C1-CPX2; F, 104C1-CPX3) and the parental 104C1 cells (a) were grown to semicon£uency in 6 well microplates and cultured in RPMI
1640 medium containing 1% fetal calf serum, in the presence of varying concentrations of H2O2 for 3 h or varying concentrations of paraquat
for 48 h. The MTT assay was then performed to examine cell viability. Data are expressed as means þ S.D. of three independent experiments.
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results, taken together, indicate that an excess of catalase
present in the cell is not bene¢cial and that there is an optimal
level for attaining enhancement of cellular antioxidative ca-
pacity. In our present study a transfectant with 6.6-fold cata-
lase activity was markedly resistant to oxidative damage
caused by H2O2 or paraquat (Fig. 4). It should be noted
that even doubling of catalase activity signi¢cantly
(P6 0.05) protected the cells from up to 0.6 mM H2O2 in-
cluded in the culture medium. Because S.7942 CPX does not
contain any transit signal sequences to organelles of animal
cells [2], it was successfully expressed in the cytosolic compart-
ment of transfected cells. This localization of the expressed
CPX e¡ects a broader distribution of H2O2-scavenging machi-
nery in the cell. This may be one of the reasons for the e¡ec-
tive protection by expression of the CPX. This e¤cient ex-
pression system could be a useful tool for testing involvement
of H2O2 in pathophysiological processes associated with reac-
tive oxygen species.
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