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Abstract

Nicotiana tabacum was transformed with cDNA encoding the human cytosolic copper/zinc superoxide dismutase
(human SOD) under the control of the cauliflower mosaic virus (CaMV) 35S promoter. The cDNA sequence was
present in a range of copies, from single to several copies, in the primary transformant plants and a transcript of
the expected length was produced. The expression of human SOD protein in the transgenic plants was shown by in
situ gel staining assay. Ten plants produced human SOD up to 40 ng protein per mg of fresh leaf tissue.

Introduction

Several genes encoding animal proteins, such as hor-
mones, antibodies, and cytokines, have been ex-
pressed in plant cells (Barta et al. 1986, Edelbaum
et al. 1992, Hiatt et al. 1989). However, although
a few proteins have been successfully produced, the
productivity in most cases was extremely low: the in-
troduced animal mRNA was not efficiently translated
or the synthesized proteins were not as stable as other
cellular proteins. Therefore, the question still remains,
whether animal genes can be accurately and stably ex-
pressed in plants. To approach this question, we set up
an experiment expressing the human SOD protein in
the tobacco plant.

The expression of human SOD in plant is a good
model for heterologous expressional study because the
molecular structure of the SOD is complicated. The
human SOD enzyme, isolated from erythrocytes, is a
dimeric protein (32 000 kDa) composed of identical
non-covalently linked subunits with one Cu2+ and one
Zn2+. It is expressed in the cytosol. SOD plays a cen-
tral role in aerobic organisms in the protection against
O2 toxicity. It catalyzes the conversion of dispropor-
tionately present superoxide radicals to H2O2 and O2

(Fridovich 1986). As a pharmaceutical agent or cos-
metic ingredient, it is widely useful and has significant
commercial value.

Despite numerous studies of human SOD, there
has been no report dealing with its expression in trans-
genic plants. However, the human SOD has been
expressed in E. coli (Avraham et al. 1988), in yeast
(Eloy-Stein et al. 1986), and in mouse (Hallewell
et al. 1987). In our case, a heterologous gene ex-
pression experiment was conducted with the human
SOD gene in order to investigate whether the SOD
protein produced in the transgenic tobacco was enzy-
matically active and in the correct location, namely
the cytosol. In this experiment, we also investigated
whether there was a post-translational process in the
plant cell that could process subunits of human SOD
with Cu2+/Zn2+ into the dimeric active form. As a re-
sult, the transgenic tobacco plants were indeed able to
produce an enzymatically active form of human SOD.
And the recombinant human SOD could have use in
pharmaceuticals, and cosmetics.



682

Fig. 1. pGA-SOD construct used for plant transformation. The
0.6 kb open reading frame from the human Cu/Zn SOD cDNA
was inserted into the HpaI site of the binary transformation vector
pGA643. Sites separated by a / have been destroyed by fusion during
vector construction.

Materials and methods

Expression vector construction

A cDNA containing the entire human SOD coding
region was prepared by polymerase chain reaction
(Scharf et al. 1986). The primers used were based
on sequences in the 5′ and 3′ untranslated regions of
the human Cu/Zn RNA (Sherman et al. 1984): 5′-
dGAATTCGATGGCGACGAAGGCCGTGTGCGTG
CGGTG-3′ and 5′-dATCAGGATAGAATTCTACCGC
CTAGC-3′. The amplified cDNA was cut with EcoRI
and cloned into the EcoRI site of pUC 19, and its
DNA sequence was verified (pSD 1). The cDNA was
excised with EcoRI, filled-in with Klenow enzyme,
and subcloned into the HpaI site of the binary plant
vector pGA 643 (An et al. 1989). In this vector, the
cDNA was under the transcriptional control of the
CaMV 35 S promoter (Figure 1).

Plant transformation

The binary vector construct was introduced into
Agrobacterium tumefaciens LBA4404 by the freeze-
thaw method (Holsters et al. 1978). Transformants
were selected on minimal nutrient plates containing
rifamycin (100 mg l−1), streptomycin (300 mg l−1),
kanamycin (25 mg l−1), and tetracycline (15 mg l−1).
The T-DNA region including the human SOD
cDNA was introduced into tobacco plants (Nicotiana
tabacum L. cv. NC 82) by the leaf disc transforma-
tion method (Horsch et al. 1985). Regenerated plants
for assays were selected by rooting on kanamycin
(300 mg l−1) medium. Vegetative plants used were
15 weeks old with three to four non-senescent leaves.
Uniform plants were chosen within each experiment
and there was no phenotypically distinguished feature
between the vector transformed control and the other
transformants. After 2 months, 23 kanamycin-resistant
plants were potted in soil and transferred to a green-
house for propagation.

Enzyme assay for neomycin phosphotransferase II
(NPTII) activity

NPTII activity was detected by the in situ gel assay
of Reiss et al. (1984). Protein was extracted from
150 mg leaf tissue and separated by electrophoresis
in non-denaturing polyacrylamide gels. The gels were
then exposed to kanamycin sulfate and [γ -32P]ATP.
Phosphorylated kanamycin, which was produced in
the regions of the gel containing NPTII activity, was
detected by autoradiography after blotting onto a phos-
phocellulose paper.

Nucleic acid analysis

Total DNA was isolated from the leaf tissue of un-
transformed as well as transformed tobacco plants
according to Dellaporta et al. (1983). DNA (10 µg)
was restricted with HindIII and ClaI and fractionated
on a 1% (w/v) agarose gel before being transferred
to a nylon membrane. Based on gene reconstruction
experiments, the human Cu/Zn SOD gene was present
at one to five copy equivalents of the tobacco genome.
The nylon filter was incubated with nick-translated,
[α-32P]dCTP labeled human SOD cDNA. The filter
was then exposed to X-Omat AR film (Kodak) at
−70 ◦C with intensifying screens (Sambrook et al.
1982).

Total RNA was isolated from the leaf tissue of
untransformed and transformed tobacco plants as de-
scribed previously (Chomczynski & Sacchi 1987).
Glyoxalated total RNA (10 µg) of each sample was
resolved in a 1.4% (w/v) phosphate-buffered agarose
gel, transferred to a nylon membrane, and hybridized
as described above for the DNA.

SOD activity assay

The tissue was thoroughly ground with a pestle in a
cold mortar in an ice bath until no fibrous residue
could be seen. The grinding buffer (200 µl/100 mg
fresh weight) consisted of 0.1 M potassium phosphate
buffer (pH 7.5). The homogenate was centrifuged
twice at 13 000 g for 20 min at 4 ◦C in a refrigerated
centrifuge. The supernatant, hereafter referred to as
crude SOD extract, was used for electrophoresis and
for the determination of SOD content in the tissue. The
water-soluble protein content of all crude SOD extract
was determined by the method of Bradford (1976).

SOD isozymes (480 µg soluble protein per lane)
were separated by electrophoresis on 1.5 mm thick
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Fig. 2. DNA and RNA gel blot analysis of transgenic plants expressing human Cu/Zn SOD. (A) DNA gel blot analysis of genomic DNA from
transgenic plants. Lane 1: 10 µg of HindIII and ClaI double digested DNA from an untransformed tobacco plant, lane 2: pGA 643 transformant,
lanes 3 to 12: pGA-SOD transformants, lane 3: S1 plant, lane 4: S2 plant, lane 5: S3 plant, lane 6: S4 plant, lane 7: S5 plant, lane 8: S6 plant,
lane 9: S7 plant, lane 10: S8 plant, lane 11: S9 plant, and lane 12: S10 plant. Lanes 13 to 17: copy number standards. EcoRI digested pSD 1
DNA in amounts equivalent to one to five copies per tobacco genome. Gel migration position of the 0.6 kb fragment of the human SOD cDNA
is indicated by the arrow on the right. The size in kb is shown on the left side. (B) RNA gel blot analysis of leaf RNA from transgenic plants.
Lane 1: nontransformed control plant, lane 2: pGA643 transformant, lanes 3 to 12: pGA-SOD transformants the same as NPTII and DNA blot
assayed samples, S1 to S10, lane 3: S1 plant, lane 4: S2 plant, lane 5: S3 plant, lane 6: S4 plant, lane 7: S5 plant, lane 8: S6 plant, lane 9: S7
plant, lane 10: S8 plant, lane 11: S9 plant, and lane 12: S10 plant. Gel migration position of about 0.7 kb expressed the human SOD is indicated
by the arrow on the right.

15% (w/v) non-denaturing polyacrylamide gels with-
out SDS. To determine SOD enzyme activity, gels
were stained as described by Beauchamp & Fridovich
(1971). The presence of SOD inhibited the back-
ground staining reaction in proportion to its concentra-
tion. Total enzymes were quantified by densitometer
scanning with a UMAX scanner using the 1D Main
program (Advanced American Biotechnology, 1166 E.
Valencia Dr, #6C, Fullerton, CA 92831, USA). One
unit of SOD activity was arbitrarily defined by mea-
suring the area under the peak corresponding to one
unit of human SOD activity (Sigma). One unit of SOD
was equal to approx. 200 ng SOD protein.

Results

The tobacco leaf segments were transformed with the
human SOD expression vector, a plasmid also contain-
ing a bacterial NPTII gene, and selected for resistance
to the antibiotic kanamycin. Selected plantlets were
examined for SOD activity and for the presence of
integrated human SOD cDNA and NPTII sequences

in their chromosomal DNA. Transgenic tobacco plants
did not exhibit a phenotype change due to the transfor-
mation.

To eliminate variations due to the position effect,
we analyzed NPTII and SOD gene expression lev-
els in at least ten independently transformed plants.
The expression of the kanamycin gene in transgenic
plants was confirmed by testing the activity of the
NPTII gene under the control of the nopaline synthase
promoter. Extracts of the kanamycin resistant plants
contained the expected NPTII specific activity, which
confirmed the biological function of the integrated
hybrid marker gene (data not shown).

For the transgenic plants with pGA-SOD, a band
of 0.6 kb corresponding to a HindIII and ClaI frag-
ment containing the human SOD coding sequence was
expected. The DNA was digested with HindIII and
ClaI, fractionated, and transferred to a nylon filter. A
0.6 kb EcoRI fragment, which carries the SOD cod-
ing sequence, was isolated from pSD1 and labeled
with [α-32P]dCTP by nicktranslation, and then hy-
bridized to the blot (Figure 2A). The SOD probe did
not hybridize to the DNA from the untransformed
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Fig. 3. Human SOD gene expression in transgenic plants tested
by activity staining of non-denaturing polyacrylamide gel. Protein
samples (480 µg total protein) were separated on native protein
gels and stained for SOD activity immediately. Expressed (hu-
man Cu/Zn SOD) and endogenous SODs are indicated. Lane
1: non-transformed control plant, lane 2: pGA643 transformant
(expression control), lane 3: pGA-SOD transformant (S4 plant).

control plant (negative control) but the plant trans-
formed with pGA 643 (expression vector control) did
hybridize to the expected 0.6 kb DNA fragment of the
10 transgenic plants. The copy number of the gene in
plants was determined by comparing with the standard
genome as described above. Transgenic plants con-
tained one to several copies of the human SOD gene
in their genomes.

The relative levels of mRNA encoding human
SOD in the transgenic plants were investigated by
the RNA gel blot analysis. The RNA gel blot in
Figure 2B represents the accumulation of SOD steady-
state mRNA in total RNA isolated from transgenic
tobacco leaves, which was detected by the 32P-labeled
SOD probe. Eight transgenic plants expressed high
levels of human SOD mRNA (about 0.6 kb) while
the remaining two (S-7, S-9) contained relatively low
levels. As expected, control plants (lanes 1 and 2)
did not show the human SOD mRNA. However, the
SOD mRNA expression in the transgenic plants did
not completely correlate with the copy number of
the inserted DNA. These differences are presumed
due to the influences of the surrounding plant DNA-
chromatin structure, methylation, or other ‘position
effect’ (Finnegan & McElroy 1994).

To determine whether the observed SOD activity
reflects the steady state mRNA content, total protein
was isolated from the same 10 representative trans-

Fig. 4. SOD activities in tobacco plant transformed with pGA-SOD
measured by activity gel with 1D main program. Con – nontrans-
formed control tobacco; 643 – pGA 643 transformant; S1 to S10 –
pGA-SOD transformants.

genic plants and two control plants for the enzymatic
SOD activity measurement. The protein extracts were
assayed by the in situ staining method of Beauchamp
& Fridovich (1971) in order to confirm if the increase
in SOD was correlated to human SOD expression in
the transgenic plants. Although plants have several
forms of SOD activity, these endogenous proteins did
not prevent the specific detection of human SOD ac-
tivity because the plants have no endogenous protein
that electrophoretically migrates in the same manner
with the human SOD. We have demonstrated the pres-
ence of 6 major bands of SOD activity in protein
extracts derived from leaves of a non-transgenic plant
and the pGA 643 transformant. Figure 3 shows that
a new protein with SOD activity was present in the
transgenic plants which was not observed in the pro-
teins of control plants. Inhibitor studies with H2O2
and KCN, commonly used to distinguish between the
different classes of SOD, identified one protein (five
major bands) as Mn SOD (resistant to both H2O2 and
KCN), four as Cu/Zn SODs (sensitive to both H2O2
and KCN), and other as Fe SOD (resistant to KCN but
sensitive to H2O2). The new SOD activity could be
inhibited by cyanide and hydrogen peroxide, indicated
its identity as Cu/Zn SOD.

In the pGA 643 transformant, 643, the activity
of SOD activity was, as expected, similar to that
of the negative control plant, whereas nine transfor-
mants, except S2, had higher activities (Figure 4). The
control extracts exhibited a specific activity of 3.8–
3.9 units mg−1 protein. All other transformants exhib-
ited a specific activity ranging from 4–6.9 units mg−1.
However, the expression rate did not correlate com-



685

pletely with the mRNA quantity. The S4 plant had the
largest amount of mRNA but not the highest enzyme
activity. Although S1 and S8 had less mRNA than
S4, they had higher enzyme activity. Two transgenic
plants (S1 and S8) showed an approx. 1.5- to 1.8-fold
increase in total SOD activity. In the case of S8, about
40 µg human SOD (0.62% of soluble protein) were
obtained from 1 g of fresh leaf material. The calculated
specific activity of the plant-derived human SOD was
about 200 ng unit−1.

The plants studied here expressed the transgene
as an active enzyme. They are thus capable of form-
ing the human protein. The difference in total SOD
activity between the control and the transformants is
the consequence of the specific overproduction of the
introduced human SOD gene.

Discussion

This paper describes a new eukaryotic system for the
expression of recombinant human SOD. Several hu-
man proteins have been produced in plants. Production
of animal proteins in a fused protein form in plants has
been reported before (Trudel et al. 1995, Vandeker-
ckhove et al. 1989). However, information about the
production of unfused bioactive proteins in plants has
been rather limited. Some researchers have tested a
few genes of the animal kingdom for the production
of animal bioactive peptides in an unfused form. Higo
et al. (1993) have used specifically designed genes
to transform plants for the production of human EGF
(hEGF) in the cytosol. The highest hEGF peptide con-
tent per unit of total soluble protein was about 0.001%.
Other attempts were made with human erythropoietin
(EPO) and interferon-beta. With regard to productiv-
ity, all three human gene transformations turned out
similar. The results suggested that either these mR-
NAs were not efficiently translated or the synthesized
proteins were not as stable as other cellular proteins.

Our results, however, were similar to the report
of the production of the hen egg white lysozyme in
tobacco (Trudel et al. 1992). In that research, the intro-
duced hen egg white lysozyme gene was expressed as
an active enzyme in transgenic plants (about 30 µg per
g leaf tissue). This productivity is similar to our results
of about 40 µg (0.6% of soluble proteins in the leaf tis-
sue). These two enzymes exist as many isozyme types
in vertebrates as well as in plants. In the plant cell,
these introduced protein and the indigenous isozymes
may not be distinguished clearly. The two cases seem

to suggest that some animal genes may be efficiently
translated in the plant cell as a pseudo-isozyme of the
plant and stably maintained in its cytosol.

Since only a limited number of animal genes have
been examined for accurate expression and processing
in plants, it is difficult to draw general conclusions
about the feasibility of animal genes to be expressed in
plants. The differences in expression level may reflect
specific properties of the individual genes or a differ-
ence in experimental set-up (e.g., unfused vs. fused
forms). The accuracy of the expression of any given
gene in the transgenic plant might, at this time, still be
considered unpredictable.

In summary, recombinant plasmids encoding hu-
man SOD were integrated into the cellular DNA of to-
bacco plants and expressed at various levels as human
SOD mRNA. The transcribed RNA was translated
successfully to yield the enzymatically active human
SOD protein. At the highest level of over-expression
obtained (S8 ref.) the production of 1 mg human SOD
will require just 1 transgenic plant (about 0.2–0.5 m2

of greenhouse space). Our data indicated that the plant
could be efficiently used for the production of human
SOD.

References

An G, Ebert PR, Mitra A, Ha SB (1988) Binary vectors. In: Gelvin
SB, Schilperoort RA, eds. Plant Molecular Biology Manual.
Dordrecht/Boston/London: Kluwer Academic Publishers, pp.
A3: 1–19.

Avraham KB, Schickler M, Sapoznikov D, Yarom R, Groner Y
(1988) Down’s syndrom: abnormal neuromuscular junction in
tongue of transgenic mice with elevated levels of human Cu/Zn
superoxide dismutase. Cell 54: 823–829.

Barta A, Sommergruber K, Thompson D, Hartmuth K, Matzke
MA, Matzke AJM (1986) The expression of nopaline synthase-
human growth hormone chimaeric gene in transformed tobacco
and sunflower callus tissue. Plant Mol. Biol. 6: 347–357.

Beauchamp C, Fridovich I (1971) Superoxide dismutase improved
assays and assay applicable to acrylamide gels. Anal. Biochem.
44: 276–287.

Bradford MM (1976) A rapid and sensitive method for the quantifi-
cation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72: 248–254.

Chomczynski P, Sacchi N (1987) Single step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal. Biochem. 162: 156–159.

De Koning WJ, Walsh GA, Wrynn AS, Headon DR (1994) Recom-
binant reproduction. Bio/Technology 12: 988–992.

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA miniprepara-
tion. Plant Mol. Biol. Rep. 1: 19–22.

During K, Hippe S, Kreuzaler F, Schell J (1990) Synthesis and
self-assembly of a functional monoclonal antibody in transgenic
Nicotiana tabaccum. Plant Mol. Biol. 15: 281–293.



686

Edelbaum O, Stein D, Holland N, Gafni Y, Livneh O, Novick
D, Rubinstein M, Sela I (1992) Expression of active human
interferon-β in transgenic plants. J. Interferon Res. 12: 449–453.

Elroy-Stein O, Bernstein Y, Groner Y (1986) Overproduction of
human Cu/Zn-superoxide dismutase in transfected cells: exten-
uation of paraquat-mediated cytotoxicity and enhancement of
lipid peroxidation. EMBO J. 5: 615–622.

Finnegan J, McElroy D (1994) Transgene inactivation: plants fight
back! Bio/Technology 12: 883–888.

Fridovich I (1986) Superoxide dismutase. Adv. Enzymol. Relat.
Areas Mol. Biol. 58: 61–97.

Hallewell RA, Mills R, Tekamp-Olson P, Blacher R, Rogenberg
S, Otting F, Masiarz FR, Scandella CJ (1987) Amino termi-
nal acetylation of authentic human Cu/Zn superoxide dismutase
produced in yeast. Bio/Technology 5: 363–366.

Hiatt A, Cafferkey R, Bowdish K (1989) Production of antibodies
in transgenic plants. Nature 342: 76–78.

Higo K, Saito Y, Higo H (1993) Expression of a chemically synthe-
sized gene for human epidermal growth factor under the control
of cauliflower mosaic virus 35S promoter in transgenic tobacco.
Biosci. Biotech. Biochem. 57: 1477–1481.

Holsters M, De Waele D, Depicker A, Messens E, Van Montagu M,
Schell J (1978) Transfection and transformation of Agrobcterium
tumafaciens. Mol. Gen. Genet. 163: 181–187.

Horsch RB, Fry JE, Hoffmann NL, Eichholtz D, Rogers SG, Fraley
RT (1985) A simple and general method for transferring genes
into plants. Science 227: 1229–1231.

Reiss B, Sprengel R, Will H, Schaller H (1984) A new sensi-
tive method for qualitative and quantitative assay of neomycin
phosphotransferase in crude cell extracts. Gene 30: 211–217.

Sambrook J, Fritsch E, Maniatis T (1989) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbour, NY: Cold Spring
Harbour Laboratory.

Scharf SJ, Horn GT, Erlich HA (1986) Direct cloning and sequence
analysis of enzymatically amplified genome sequences. Science
233: 1076–1078.

Sherman L, Levanon D, Lieman-Hurwitz J, Dafni N, Groner Y
(1984) Human Cu/Zn superoxide dismutase gene: molecular
characterization of its two mRNA species. Nucl. Acids Res. 12:
9349–9365.

Struk MM (1994) Biopharmaceutical R&D success rates and devel-
opment times. Bio/Technology 12: 674–677.

Trudel J, Potvin C, Asselin A (1992) Expression of active hen egg
white lysozyme in transgenic tobacco. Plant Sci. 87: 55–67.

Trudel J, Potvin C, Asselin A (1995) Secreted hen lysozyme in
transgenic tobacco: recovery of bound enzyme and in vitro
growth inhibition of plant pathogens. Plant Sci. 106: 55–62.

Vandekerckhove J, Van Damme J, Van Lijsebettens M, Botterman J,
De Block M, Vandewiele M, De Clercq A, Leemans J, Van Mon-
tagu M, Krebbers E (1989) Enkephalins produced in transgenic
plants using modified 2S seed storage proteins. Bio/Technology
7: 929–932.


