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Characterization of the Dimer—Monomer Equilibrium of the Papaya
Copper/Zinc Superoxide Dismutase and Its Equilibrium Shift by a

Single Amino Acid Mutation
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The coding region of the copper/zinc superoxide dismutase (Cu/Zn SOD) cDNA from papaya fruit,
Carica papaya L. cv. Tainong 2, was cloned into an expression vector, pET-20b(+). The Cu/Zn SOD
was expressed in Escherichia coli and purified by His-tag technique. Two active forms of the enzyme
(30% dimer and 70% monomer) in equilibrium were observed. The activity of the dimeric enzyme
was higher than that of the monomeric form. The thermal inactivation rate constant Ky values
calculated for the dimer and monomer at 90 °C were —0.0203 and —0.0216 min~%, and the half-
lives for inactivation were 41.9 and 31.8 min, respectively. This indicated that the dimeric enzyme
was more stable than its monomeric form. The dimerization of the enzyme was inhibited under
acidic pH (below 3.0) or imidazole buffer (above 0.5 M), whereas it was not affected under alkaline
pH (above 9.0). Both activity and forms of the enzyme were not affected by 1-4% SDS. Furthermore,
the dimeric enzyme was much more resistant to proteolytic attack after 3 h of incubation at 37 °C
with trypsin or chymotrpsin. In addition, mutation of the papaya Cu/Zn SOD at position 48 from
Leu to Phe (L48F) affected the association of monomer, whereas a mutant with Lys substitution

(L48K) at the same position tended to dissociate into monomeric form.
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INTRODUCTION

Reactive oxygen species (ROS), such as superoxide,
hydrogen peroxide, and hydroxyl radical, can cause a
lot of deleterious effects in organisms. To prevent
damage from oxidative stress, cells maintain these ROS
at a steady-state level by a variety of enzymatic and
nonenzymatic antioxidant systems. Superoxide dismu-
tase (SOD; superoxide:superoxide oxidoreductase, EC
1.15.1.1), which catalyzes the dismutation of superoxide
to hydrogen peroxide and molecular oxygen, is a ubig-
uitous metalloenzyme with antioxidation effect. It is
considered to be an important enzyme against oxygen
radical-mediated toxicity. According to the metal found
in the active sites of SOD, it is classified into three types,
namely, Mn, Fe, and Cu/Zn SOD. On the basis of the
sequence similarity of the three enzymes, Mn and Fe
SOD are likely to evolve from the same ancestor,
whereas Cu/Zn SOD may come from a different one.
Although several plant Cu/Zn SODs have been studied,
only a few studies on expression in an Escherichia coli
system and no reports on the structure—function rela-
tionship of plant Cu/Zn SODs have been demonstrated.

Most reported Cu/Zn SODs from animal species were
homodimeric enzymes (Bannister et al., 1987). In bo-
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vine, it was suggested that the active sites in each
subunit function independently; this suggestion was
based on the observation that native subunits exhibited
identical activity no matter what was chemically coupled
to other native subunits or to chemically modified
inactive subunits. However, direct evidence on the effect
of functional interaction between subunits was not yet
obtained. Because the subunits associated through
unusually strong noncovalent interactions, which are
not disrupted even in 8.0 M urea and not separated in
a way that retains catalytic activity (Fridovich, 1986;
Malinowski and Fridovich, 1979).

To the contrary, Battistoni et al. (1996) indicated that
the overexpressed SOD from E. coli was monomeric
even at high protein concentrations, irrespective of pH
and ionic strength. This provided a significant evidence
of an altered subunit interaction in prokaryotes with
respect to the animal SODs.

In our previous study, the overexpressed sweet potato
Cu/Zn SOD (SW-SOD) showed two active forms (dimer
and monomer): The activity of the dimeric enzyme was
7-fold higher than that of the monomeric enzyme. The
dimeric enzyme was more stable than the monomeric
form. These suggested that subunit interaction might
change the enzyme conformation and enhance the
catalytic activity and stability of the enzyme and greatly
differ from the observations of animal and E. coli SODs
(Lin et al., 1995).

In this study, we present further evidence that plant
Cu/Zn SOD overproduced in E. coli exhibited two active
forms in equilibrium. It appears that subunit interaction
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also enhances the catalytic activity but is different from
SW-SOD. We have noticed that it would be of interest
from the comparative biochemical standpoint to study
the SOD, and there should be much room left for
exploring the physiological roles played by the SOD in
the photosynthetic plant fruit. Furthermore, it is known
that the dimeric form of SOD may be more stable and
active in its enzymatic reaction than the monomeric
form of SOD (Lin et al., 1995). We found that the papaya
Cu/zn SOD displayed both dimeric and monomeric
forms but favored the monomeric form. To invesigate
the equilibrium shift of the Cu/Zn SOD, we used the
site-directed mutagenesis approach to understanding its
mechanism and further substantiating its applications
in medical use.

MATERIALS AND METHODS

Subcloning of the Protein Coding Sequence of the
Papaya SOD cDNA. The protein coding region of the papaya
(Tainong 2) Cu/Zn SOD cDNA (Lin et al., 1998) was amplified
by Polymerase Chain Reaction (PCR) using the previously
cloned papaya SOD full-length cDNA. The two synthetic
primers (10 pmol each) used in this PCR were the 5'-primer
(5" CCC ATG GTG AAG GCT GTA GCT GTC 3') and the 3'-
primer (5 GGA ATT CCC TTG GAG ACC GAT GAC GAC TCC
3). A 0.45 kb fragment of papaya Cu/Zn SOD DNA was
amplified and inserted into an expression vector, pET-20b(+),
and transformed into E. coli AD494(DE3)pLysS. The detailed
procedure was described previously (Lin et al., 1998).

Culture and Enzyme Purification.The transformed E.
coli cells were grown at 37 °C in 200 mL of Luria—Bertani
medium (pH 7.4) containing 50 mg/mL ampicillin (Sigma
Chemical Co., St. Louis, MO), 30 mg/mL kanamycin (GIBCO
BRL, Gaithersburg, MD), and 34 mg/mL chloramphenicol
(GIBCO BRL). After cells had grown to 0.9 of ODgqo, isopropyl
p-b-thiogalactopyranoside (IPTG; GIBCO BRL) was added to
a concentration of 1 mM. The culture was incubated continu-
ously for 5 h on a rotary shaker (120 rpm), and the bacterial
cells were harvested by centrifugation at 7000g for 5 min. The
cell pellets were suspended in 3 mL extraction buffer (10 mM
Tris-HCI, pH 8.0) and vortexed for 15 min before centrifugation
at 13000g for 5 min. The extraction procedure was repeated
two times, and the supernatants were collected and pooled
together. The final crude enzyme (6 mL) was loaded on a His-
Bind resin column (bed volume = 4 mL), and then the column
was washed with 10 volumes of binding buffer (5 mM imid-
azole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) and 6 volumes of
wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI,
pH 7.9). Finally, the enzyme was eluted with elution buffer (1
M imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) (1.5 mL/
fraction). The purified enzyme (6 mL) was dialyzed against
200 mL Tris-HCI buffer (2 mM, pH 8.0) containing 5% glycerol,
0.5 uM Cu?*, and 0.5 uM Zn?" at 4 °C overnight for two
changes and stored at —20 °C for further analysis.

Protein Concentration Measurement. Protein concen-
tration was determined with a Bio-Rad Protein assay kit
(Richmond, CA) using bovine serum albumin as a reference
standard.

Enzyme Assay in Solution. The SOD activity was meas-
ured by using a RANSOD kit (RANDOX, Ardmore, U.K.). One
milliliter of the assay solution contained 40 mM CAPS at pH
10.2,0.94 mM EDTA, 0.05 mM xanthine, 0.025 mM INT [2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride],
and 0.01 unit of xanthine oxidase. The amount of SOD added
was adjusted to obtain a rate of INT reduction at 25 °C over
the first 3 min time interval, measured as the absorbance at
505 nm, that fell within the percentage of inhibition that could
be transformed into units of SOD by referring to a standard
curve according to an instruction manual.

Enzyme Assay by Activity Staining on a Native Gel.
The enzyme separated on a 15% native PAGE was assayed
by an SOD activity staining method as described previously

J. Agric. Food Chem., Vol. 47, No. 7, 1999 2945

(Beauchamp and Fridovich, 1971). Proteins were stained with
Coomassie brilliant blue. The area and intensity of activity
and protein bands were measured by a computing densitom-
eter (Molecular Dynamics Co., Sunnyvale, CA).

SDS—PAGE (Laemmli, 1970). The enzyme samples with
0.2 volume sample buffer (60 mM Tri-HCI, pH 6.8, 25% glyerol,
2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% bromophenol blue)
were heated for 5 min and then subjected to a 15% SDS—
PAGE. The molecular weight of the enzyme was estimated by
comparing the relative distances with molecular weight mark-
ers.

Enzyme Characterization. Enzyme sample was 7.5 or 6
ug for the following tests. After treatments as shown below,
every sample was divided into two parts, and then each part
of the sample was electrophoresed into a 15% native polyacryl-
amide gel to determine the changes of activity and protein.

(1) Thermal Stability. The enzyme samples in the assay
buffer were heated at 90 °C for 10, 20, 30, and 40 min.

(2) pH Stability. Enzyme sample was amended with a half
volume of buffer in different pH values: 0.2 M citrate buffer
(pH 2.2, 3.0, 4.0, or 5.0), 0.2 M Tris-HCI buffer (pH 7.0 or 9.0),
0.2 M glycine—NaOH buffer (pH 10.0 or 11.0), and 0.2 M KCI—
NaOH buffer (pH 12.0). Each sample was incubated at 37 °C
for 1 h.

(3) SDS Effect. Enzyme sample was added with SDS to 1.0,
2.0, 3.0, or 4.0% and incubated at 37 °C for 1 h. Both SDS and
imidazole are protein denaturing reagents.

(4) Imidazole Effect. The enzyme was added with imidazole
to 0.5, 1.0, 1.5, or 2.0 M and incubated at 37 °C for 1 h.

(5) Proteolytic Susceptibility. The enzyme was incubated
with Y5 in weight of trypsin or chymotrypsin at pH 8.8 and
37 °C for up to 1, 2, or 3 h. In the chymotrypsin digestion,
CaCl, was added to 20 mM. Aliquots were removed from time
to time and analyzed by PAGE.

Site-Directed Mutagenesis of the Papaya Cu/Zn SOD
and Preparation of the Mutant Enzymes. According to the
amino acid sequence homology among SOD of different organ-
isms, a Phe residue was present at position 48 in animal SOD
(human and bovine), whereas Leu and Lys were found at
position 48 in plant and E. coli SOD, respectively (Figure 1).
Inspection of the papaya SOD structure indicated that muta-
tion of Leu 48 with Phe (L48F) or Lys (L48K) could potentially
lead to the formation of new hydrophobic—hydrophobic or
charge—charge interactions at the interface of the monomer.
Therefore, L48F was expected to tend toward the dimer due
to stronger interaction, whereas L48K was expected to tend
toward the monomer due to charge repulsion. These two
mutants (L48F and L48K) were generated by site-directed
mutagenesis (Kunkel et al., 1987) and subcloned into the
expression vector, pET-20b(+), respectively. Mutant enzymes
were produced in E. coli strain AD494(DE3)pLysS. Proteins
were purified to homogeneity by using the His-tag technique
as described before (Lin et al., 1995).

RESULTS AND DISCUSSION

Subcloning and Overproduction of Papaya Cu/
Zn SOD. The goal of this study was to clone and express
the papaya Cu/zZn SOD coding sequence in E. coli. Using
papaya cDNA as the template and two specific primers
corresponding to the translation initiation and termina-
tion sequences, respectively, the 0.45 kb DNA fragment
coding for the mature papaya SOD was amplified by
PCR and successfully subcloned into the expression
vector, pET-20b(+). Positive clones were verified by
DNA sequence analysis.

The transformants were induced with IPTG, and their
total cellular proteins were analyzed by a 15% native
PAGE with activity staining or protein staining (Figure
2).

Purification of His-tag Papaya SOD. The papaya
SOD was fused in the pET-20b(+)-6His-tag vector and
expressed in E. coli AD494(DE3)pLysS. The enzyme



2946 J. Agric. Food Chem., Vol. 47, No. 7, 1999

1

ddd

NFEQKESNGP
HFEAK. .GDT
FFTQ.AADGP
FFSQ.EGDGP
SVTITETDKG

GPHFNPLSRK
GPHFNPLSKK
GPHFNPAGKE
GPHENPAGKE
GGHLDPQONTG
c
z

ddd
CIIGRTLVVH
STIGRTMVVH
STVGRAVVVH
SVIGRAVVVH
ETKDKALMVH

VKVWGSTKGL
VVVTGSITGL
TTVTGEISGL
TTVTGNVSGL
LEFSPDLKAL

HGGPKDEERH
HGGPKDEERH
HGAPEDDIRH
HGAPGDDNRH
KHEGPEGAGH
z z

EKADDLGKGG
EKPDDLGRGG
ADPDDLGKGG
GDPDDLGKGG
VGGDNM. . ..

46

TEGLHGFHVH
TEGDHGFHVH
KPGHHGFHVH
KPGLHGFHVH
PPGEHGFHIH

cc

88

VGDLGNVTAD

VGDLGNVTAD

AGDLGNVNVG

AGDLGNITVG

LGDLPALVVN
z

138

NEESTKTGNA
NEESTKTGNA
HELSKTTGNA
HELSKSTGNA
SDQPKPLGGG

Lin et al.

d d d
human . .ATKAVCVL KGDGPVQGII
bovine . ATKAVCVL KGDGPVQGTI
papaya ...VKAVAVL SSSEGVSGTI
Ipomoe ...VKAVAVL SSSEGVSGTI
E.coli ASEKVEMNLV TSQGVGQSIG

47
ddd dd
human GD...... .NTAGCTSA
bovine GD...... .. NTQGCTSA
papaya GD...... .TTNGCMST
Ipomoe GD...... .. TTNGCMST
E.col’ GSCQPATK DGKASAAESA
89
human KDGVADVSIE DSVISLSGDH
bovine KNGVAIVDIV DPLISLSGEY
papaya DDGKVSESII DSQIPLTGPN
Ipomoe EDGTASFTIT DKQIPLTGAN
E.co/7 NDGKATDAVI APR..LKSLD
139 151
ddd ddd
human GSRLACGVIG TAQ
bovine GSRLACGVIG TAK
papaya GGRVACGVIG LQG
Ipomoe GGRVACGIIG LQG
E.colr GERYACGVIK

C

Figure 1. Amino acid alignment of papaya SOD versus animal and E. coli enzymes: papaya, this study (EMBL Y13610); Ipomoe
(sweet potato, EMBL X73139). Amino acid alignments were performed using the PileUp program developed by the University of
Wisconsin Genetics Computer Groups (Devereux et al., 1984). Numbers refer to amino acid residues of the bovine enzyme. “d”
indicates residues known to form contacts between subunit in the available eukaryotic three-dimensional structures. The box
indicates residues proposed to play a key role in the dimeric form of the animal enzyme/in the monomeric form of the E. coli
enzyme (Battistoni et al., 1996; Bordo et al., 1994; Carlsson et al., 1996). C indicates copper ligand and Z, zinc ligand.
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Figure 2. Total soluble protein profiles of IPTG-induced E.
coli AD494(DE3)pLysS containing the recombinant DNA and
one-step purification. Cells were grown in LB medium and
induced for the expression of SOD by IPTG as described under
Materials and Methods. Seven and a half microliters of induced
crude extract (lane 1) and purified enzyme (lane 2) were
subjected to a 15% native PAGE followed by activity staining
(A, 5.6 ug of purified enzyme) or Coomassie blue staining (B,
11.2 ug of purified enzyme), respectively. “d” denotes the
dimeric form and “m”, the monomeric form.

containing His-tag in the C terminus was purified by
affinity chromatography with nickel chelating resins

(His-Bind Resin, Qiagen Co.) according to the instruc-
tion manual. The yield was ~25 mg from 1 L of culture.
The specific activity of the purified enzyme was 6970
units/mg of protein. The purified enzyme demonstrated
two active enzymatic forms (dimer and monomer, Figure
2) on a 15% native PAGE. The result from SDS—PAGE
showed that the papaya SOD had an apparent molec-
ular mass of 19 kDa, matching the calculated one from
recombinant cDNA (Figure 3, lane 2).

The dimer found in all of the Cu/Zn SODs had caused
a considerable debate for a period of time about the
importance of subunit—subunit interaction in determin-
ing or modulating the catalytic activity and protein
stability of these enzymes. In bovine, on the basis of
experiments carried out with hybrids of native and
chemically modified subunits, it was suggested that the
active site of SOD in each subunit acts independently
in catalysis (Fridovich, 1986; Malinowski and Fridovich,
1979). However, several other observations supported
the possibility of communication between subunits (Rigo
et al., 1978).

On the contrary, a monomeric Cu/Zn SOD from E. coli
was found to have an activity comparable with that of
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Figure 3. SDS—PAGE analysis of wild type and mutant
proteins. Cells (control, wild type, L48F, and L48K) were
grown in LB medium and induced for expression of SOD by
IPTG as described under Materials and Methods. Each 6 ug
of crude enzyme (control, wild type, L48F, and L48K) was
amended with 0.2 volume of 5x sample buffer, boiled for 5
min, and then subjected to a 15% SDS—PAGE. M, molecular
mass markers; lane 1, AD494(DE3)pLysS carrying pET-20b(+)
as control; lane 2, wild type; lane 3, L48F; lane 4, L48K. An
arrow denotes Cu/Zn SOD proteins.

a eukaryotic dimer. Thus, it was assumed that com-
munication between subunits was not necessary to
ensure efficient catalytic activity (Battistoni et al., 1996).

In our previous work, we found that the purified SW-
SOD showed two active forms of the enzyme (dimer and
monomer). The subunit interaction resulted in a 7-fold
higher catalytic activity in dimer compared with that
of monomer. It is important to note that SW-SOD is
quite different from other known animal and E. coli
SODs in having both dimeric and monomeric forms as
well as catalytic activity.

In this study, we found that the papaya Cu/Zn SOD
showed two active enzymatic forms in equilibrium (30%
dimer and 70% monomer), but its subunit interaction
was different from that of SW-SOD (dimer is equal to
monomer) (Lin et al., 1995).

Characterization of the Purified Papaya Cu/Zn
SOD. The enzyme inactivation kinetics at 90 °C fit the
first-order inactivation rate equation INn(E/Eq) = Kgt,
where Ep and E; represent the original activity and the
residual activity that remained after heating for time
t, respectively. The thermal inactivation rate constant
Kg values calculated for the dimer and monomer at 90
°C were —0.0203 and —0.0216 min~—!, and the half-lives
for inactivation were 41.9 and 31.8 min, respectively
(Figure 4A—C). Extremely heat stable enzyme as in
papaya SOD was not found in all reported Cu/Zn SODs,
such as the monomer of SW-SOD at 85 °C that had an
inactivation half-life of 28 min (Lin et al., 1995) and fish
skin Cu/Zn SOD that when heated at 70 °C was
completely inactivated (Nakano et al., 1995).

As shown in Figure 5 (lanes 4—8), papaya SOD was
very stable in a broad pH range from pH 5 to pH 11,
although the total activity decreased to 80 and 60% at
pH 3.0 (lane 2) and pH 2.2 (lane 1), respectively. The
decrease of the enzyme activity at acidic pH was due to
the dissociation of dimer into monomer (Figure 5B, lanes
1 and 2). Quantitation of proteins by densitometer
revealed that the acidic pH favored the monomer
formation, whereas the alkaline pH favored the dimer
formation. This suggests that the charge interaction
could be important for subunit association.

The enzyme activity and the dimer/monomer ratios
of the papaya SOD were not significantly changed by
SDS (1—4%) (Figure 6A,B). The effect of SDS in papaya
was quite different from that of SW-SOD that may be
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Figure 4. Effect of temperature on the purified papaya SOD.
The enzyme samples heated at 90 °C for various times were
subjected to a 15% native PAGE: (A) activity staining (3.2 ug
each); (B) Coomassie blue staining (4.3 ug each), (lane 1)
control, (lane 2) heated for 10 min, (lane 3) heated for 20 min,
(lane 4) 30 min, (lane 5) heated for 40 min; (C) plot of thermal
inactivation kinetics. The effect of temperature was deter-
mined by activity staining (3.2 ug each). The PAGE data were
quantitated by a densitometer for calculation. E; and E; are
original activity and residual activity after being heated for
time t, respectively. ®, monomeric form; O, dimeric form.
Triplicate experiments were done.
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Figure 5. Effect of pH on enzyme stability. The enzyme
samples were incubated in buffers with different pH values
at 37 °C for 1 h and then subjected to a 15% native PAGE:
(A) staining for activity (3.2 ug each well); (B) staining for
protein (4.3 ug each well); (lanes 1—4) in citrate of pH 2.2, 3.0,
4.0, and 5.0, respectively; (lanes 5 and 6) in Tris of pH 7.0
and 9.0, respectively; (lanes 7 and 8) in glycine of pH 10.0 and
11.0, respectively; (lane 9) in KCI/NaOH of pH 12.0. The total
areas of activity measured by densitometer were 1361.6 + 86.3
(pH 2.2), 1814.3 + 23.4 (pH 3.0), 1830.6 =+ 44.5 (pH 4.0), and
2268.0 + 87.5 (pH 5.0—11.0). “d” denotes dimer and m,
monomer. Triplicate experiments were done.

due to the easy dissociation from dimer to monomer in
the presence of SDS.

The activity of papaya SOD was not significantly
affected by imidazole (Figure 6C,D), but most dimers
were dissociated into monomers in the presence of
imidazole (Lin et al., 1995).

The papaya SOD dimer was much more resistant to
proteolytic attack. The enzyme dimer and monomer
retained 82 and 30% of original activity, respectively,
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Figure 6. Effect of SDS and imidazole: (A and B) The enzyme
samples were treated with various concentrations of SDS at
37 °C for 1 h and subjected to a 15% native PAGE [(A) activity
staining (1.5 ug each); (B) protein staining (4.5 ug each); (lane
1) control; (lanes 2—5) in SDS to 1, 2, 3, or 4%, respectively].
The areas of activity measured by densitometer at different
concentrations of SDS were almost equal (1566.0 + 44.4). (C
and D) The enzyme samples were incubated in various
concentrations of imidazole at 37 °C for 1 h and subjected to
a 15% native PAGE [(C) activity staining (2.3 ug each); (D)
protein staining (3.7 ug each); (lane 1) control; (lanes 2—5) in
imidazole to 0.5, 1.0, 1.5, or 2.0 M, respectively]. The areas of
activity measured by densitometer at different concentrations
of imidazole were almost equal (1628.8 + 100.3). Triplicate
experiments were done.

after 3 h of incubation with trypsin at 37 °C, whereas
the enzyme retained 82 and 47% of original activity,
respectively, after 3 h of incubation with chymotrypsin
at 37 °C (Figure 7A—D).

Effect of a Single Amino Acid Mutation in the
Interface of Subunit. Figure 1 shows the alignment
of the amino acid sequence of the papaya SOD with
other published animal, plant, and E. coli Cu/Zn SODs.
Although the secondary structures forming the S-barrel
were probably conserved (Bordo et al., 1994), all animal
SODs show homodimeric form due to strong hydropho-
bic interface between the subunits. On the contrary, the
E. coli SOD retained its monomeric structure even at
high protein concentration (Battistoni et al., 1996). This
was possibly due to the presence of a charged residue
of Lys at position 48. As to plant SODs, a noncharged
amino acid residue of Leu was localized at position 48.
The animal Cu/Zn SODs contained a noncharged amino
acid residue, Phe, at this site. Our results indicated that
the plant SODs showed a dimer—monomer equilibrium
quite different from that of animal and E. coli SODs.
Using the site-directed mutagenesis approach, two
mutants with a single amino acid change (L48F, L48K)
were obtained and analyzed by a 15% SDS—PAGE
(Figure 3, lanes 3 and 4). The results demonstrated that
the molecular masses of both L48F and L48K were 19
kDa and similar to that of the wild type.

According to the SDS—PAGE analysis, the wild-type
papaya SOD displayed 30% dimer and 70% monomer
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Figure 7. Effect of trypsin (A and B) and chymotrypsin (C
and D): (A and B) The enzyme samples were incubated with
trypsin at 37 °C for different times and then subjected to a
15% native PAGE [(A) activity staining (3.2 ug each); (B)
protein staining (4.3 ug each)]. The enzyme activity after
treatment with trypsin was measured by densitomer as lane
1, control (m = 284.7 £ 9.4, d = 529.7 + 25.2); lane 2, 1 h (m
=243.4 + 14.4,d = 400.7 £+ 11.6); lane 3, 2 h (m = 195.4 +
22.9,d = 4659 + 5.6); and lane 4,3 h (m =873+ 43,d =
434.6 + 13.1). (C and D) The purified SOD samples were
incubated with chymotrypsin at 37 °C for 1—3 h and subjected
to a 15% native PAGE. [(C) activity staining (3.2 ug each); (D)
protein staining (4.3 ug each)]. The enzyme activity after
treatment with chymotrypsin was measured by densitomer as
lane 1, control (m = 326.2 + 23.9, d = 560.0 £+ 25.5); lane 2, 1
h (m=320.9 + 16.2,d = 552.1 £+ 26.3); lane 3, 2 h (m = 257.0
+9.4,d =538.8 &+ 18.9); and lane 4, 3 h (m = 152.2 + 25.8, d
= 4595 + 21.5). Data were analyzed by Excel software
program. m denotes the area of monomer activity and d, the
area of dimer activity.
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Figure 8. Analysis by 15% SDS—PAGE of wild type and
mutant enzymes: (M) molecular mass markers; (lane 1) wild
type; (lane 2) L48F; (lane 3) L48K; (lane 4) bovine Cu/Zn SOD;
(d) dimeric form; (m) monomeric form. Each of the purified
enzymes (6 ug of wild type, 6 ug of L48F, and 3 ug of L48K)
and 3 ug of commercial bovine Cu/Zn SOD (RANDOX) were
incubated for 20 min at 37 °C in the presence of 1% SDS and
loaded into gel without boiling. The electrophoretic migrations
of these protein samples (which maintain their initial activity)
were compared.
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(Figure 8, lane 1). Mutant L48F favored dimeric form
(65%; Figure 8, lane 2) like animal Cu/Zn SODs, as we
expected due to the noncharged and much more hydro-



Cu/Zn SOD Dimer—Monomer Equilibrium Shift

phobic Phe residue relative to Leu. In contrast, the
mutant L48K (lane 3), like E. coli Cu/Zn SOD, demon-
strated monomeric form, as we predicted due to the
charged Lys residue. This is the first report by genetic
engineering to indicate that one amino acid change in
the interface of the subunit can influence dimer—
monomer equilibrium.

In conclusion, the present work on papaya Cu/Zn SOD
suggested that subunit interaction might change the
conformation or alter the tertiary structure of the
enzyme and enhance the catalytic activity. It was also
possible that the intersubunit contacts may stabilize a
particular optimal conformation and/or tertiary struc-
ture of the enzyme or the dimeric structure to enhance
catalytic activity by increasing the electrostatic steering
of substrates into the active sites (Lin et al., 1995).
These observations did not support the current hypoth-
esis that the Cu/Zn SOD subunit functions independ-
ently and provided a new insight for further studies on
the structure—function relationship of SOD. From a
biotechnological point of view, these results suggest
dimer stabilization by protein engineering would greatly
enhance the activity and stability of SOD for the
purpose of applications such as the protection of the skin
against inflammatory reaction and periodontal use (in
alveolar pyorrhea) (Nakano, 1989; Wilder and Mass,
1990).

Conclusion. The coding region of Cu/Zn SOD cDNA
from papaya fruit and its mutant were successfully
overexpressed in an E. coli system and provided an easy
method for obtaining large amounts of active enzyme
for further enzymatic or application studies. Our study
has shown that the papaya fruit Cu/Zn SOD is quite
unique in that it is stable in a broad pH range and at
an elevated temperature as high as 90 °C and resists
both detergent (SDS) and proteolytic enzyme treat-
ments. Mutation of the enzyme can affect the associa-
tion of monomer. These properties will be useful for its
applications in the medical field.
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