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Unique molecular properties of superoxide dismutase from teleost fish skin
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Abstract A unique Cu,Zn-SOD was found and isolated from
plaice Paralichthys olivaceus skin. Surprisingly, the properties of
purified fish skin SOD were very different from those of SOD
from other sources reported so far. The purified SOD was com-
posed of four same subunits of 16 kDa and the molecular weight
of the native SOD was found to be around 65 kDa. The dominant
amino acids of the SOD were Ser, Thr, Pro and Glu. Above
70°C, thermostability of the SOD was much lower than that of
bovine erythrocyte Cu,Zn-SOD.
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1. Introduction

Aerobic organisms have both chemical and enzymatic de-
fence systems against the toxicity caused by reactive oxygen
species (ROS) [1]. The antioxidant enzymes, such as superoxide
dismutase (SOD, EC 1.15.1.1), might contribute to the defence
systems, There are three known types of SODs depending upon
the metals found in their active sites: copper/zinc (Cu,Zn-
SOD), manganese (Mn-SOD) and iron (Fe-SOD). Cu,Zn-SOD
is found predominantly in the cytosolic fraction and is normally
associated with eukaryotes, and shows very sensitive behavior
to cyanide and H,O,. Mn-SOD is associated with mitochondria
or prokaryotes, and is insensitive to cyanide. Fe-SOD is found
in prokaryotes and in a few families of plants, and is not sensi-
tive to cyanide but is inhibited by H,O, [2,3]. Furthermore, an
extracellular form of Cu,Zn-SOD, which is called EC-SOD, is
distinct from the cytosolic Cu,Zn-SOD, is also found in eukar-
yotes [4]. Recently, in the course of the studies on antioxidant
defence systems of fish [5,6], we have detected Cu,Zn-SOD and
Mn-SOD activities in fish skin, and these SODs activities were
observed to be higher in the dark than in the light parts of skin
[7). ROS is considered to be correlated with melanization in
mammalian skin [8,9]. The dark parts of fish skin are also
supposed to contain melanophores, in which melanization
should occur [10]. Hence, the distribution of higher SODs activ-
ities in the dark parts of fish skin might be related to melaniza-
tion and to regulation of ROS. Fish SODs were reported to
exhibit a large variability of the isoelectric point (pI) value over
a wide pH range and often have an unusually high pl value [11].
Thereby, fish SOD has a possibility to show unusual and novel
properties. However, no report on the relationship between
SODs, ROS and melanization in fish skin is available. In the
present investigation, we have purified a Cu,Zn-SOD from the
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Abbreviation: SOD-Fs, fish skin Cu,Zn-SOD.

dark parts of skin of plaice Paralichthys olivaceus and described
unique properties of this enzyme.

2. Experimental

2.1. Materials

Cytochrome ¢ {cyt. ¢) from horse heart and bovine erythrocyte
Cu,Zn-SOD were obtained from Sigma. All other chemicals were of
analytical grade. Live specimens of plaice P. olivaceus were donated by
Fukushima Prefectural Fish Farming Experimental Station, Fu-
kushima, Japan.

2.2. Purification of the Cu,Zn-SOD electromorphs from plaice skin

All the procedures were carried out at 3-5°C. Samples of plaice were
killed, brought to the laboratory in an ice box, and dark parts of the
skin tissue were carefully collected. The skin was thoroughly washed
with sterilized ice-cold saline solution (0.9% w/v) and then homogenized
in 7 mM Tris-HCI buffer (pH 7.1) (buffer A). The homogenate was
centrifuged at 30 000 x g for 20 min, and the supernatant was dialyzed
against the buffer A. The dialyzed solution was applied to a DEAE-
Toyopear! column equilibrated with the buffer A. Non-adsorbed active
fractions were collected and dialyzed against 7 mM KH,PO,/Na,HPO,
buffer (pH 5.1) (buffer B). The dialyzed solution was loaded onto a
SP-Toyopear! column equilibrated with the buffer B. After washing
with the buffer B, the adsorbed proteins were eluted with a linear
gradient from 0 to 1.0 M KCl in the buffer B and the active fractions
were pooled and dialyzed against the buffer A.

2.3. Polyacrylamide gel electrophoresis { PAGE)

"Native PAGE was carried out in 6.5% acrylamide slab gels at 4°C
[12). Sodium dodecyl sulfate (SDS)/PAGE was performed in 10% gels
at room temperature [13]. After electrophoresis, the gels were stained
with Bio-Rad Silver stain Kit (Bio-Rad Laboratories, USA) for protein
detection.

2.4. Enzyme activity assays

SOD activity was measured by two types of assay methods as follows:
(i) Spectrophotometric method was based on the inhibition of xan-
thine/xanthine oxidase induced reduction of cyt. ¢ in 50 mM phosphate
buffer, pH 7.8, at 25°C [14]. The assay was run at least in triplicate and
the mean values were reported. One unit of activity was defined as the
amount of protein required to inhibit the rate of reduction of cyt. ¢ by
50% under the assay conditions given above.
(ii) Visualization of the SOD activity on native PAGE gels was per-
formed utilising the nitroblue tetrazolium illumination system as de-
scribed previously [15].

2.5. Amino acid (AA) composition analysis

Samples of purified SOD-Fs were dialyzed against distilled water.
AA compositions were determined with a Jasco HPLC-800 AA analyz-
ing system (Nihon Bunko Co., Ltd., Japan) after hydrolysis with 6 N
HCI under vacuum at 108°C for 24 h.

3. Results

3.1. Purification of fish skin Cu,Zn-SOD (SOD-Fs)

The results of a typical purification are summarized in
Table 1. It is important to show that the purified fish-skin
enzyme is a real SOD and not a copper-containing protein such
as ceruloplasmin. SOD is known to scavenge superoxide radical
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Fig. 1. Determination of native molecular weights of fish skin SOD
(SOD-Fs) and bovine erythrocyte SOD by Superose 12 HR column
chromatography; Ve, elution volume; Vo, void volume.

(03) and to accelerate dismutation of the radical to O, and H,0,
[14,16]. For the determination of enzyme-induced accelerated
H,0, formation, H,0, concentration of enzyme reaction solu-
tion was measured by the modified scopoletin method [17]. In
practice, when the enzyme reaction was carried out at higher
O3 concentration compared with the normal assay conditions
[14], the fish enzyme and bovine SOD were observed to acceler-
ate H,0, production. The H,0, production rates were obtained
to be 2.01 #uM/min for 48 nM fish enzyme, 1.53 £M/min for 20
nM bovine SOD, and 0.98 4M/min for the control (spontane-
ous disproportionation of Q3). These results suggest that the
fish enzyme and bovine SOD act in similar fashion. On the
other hand, for example, ceruloplasmin produces an increase
in H,0, production [18] and is thought not to dismute O; but
to react stoichiometrically with O3 [19]. In addition, copper
proteins, such as ceruloplasmin and metallothionein, need
much higher amount of protein than SOD when they scavenge
O3 [18,20]. Thus, the purified fish skin enzyme is considered to
be a SOD. The identical electrophoretic mobility of purified fish
skin SOD, which was named SOD-Fs, and the low mobility
activity zone in the crude extract demonstrates that no signifi-
cant modification of the protein occurred during the purifica-
tion. The visualized SOD activity of the gel disappeared in the
presence of KCN. Furthermore, SOD activity decreased in
proportion to the KCN and H,0, concentrations (data not
shown). These phenomena suggest that SOD-Fs is very sensi-
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tive to cyanide and H,0,, and is thought to contain copper and
zinc in its active sites. According to recent findings, there were
two distinct Cu,Zn-SOD electromorphs in plaice skin [7]. We
concluded, therefore, that the SOD-Fs obtained by the two
ion-exchange chromatographies was one of the Cu,Zn-SOD
electromorphs of skin.

3.2. Molecular properties of the purified SOD-Fs

The apparent molecular weight (MW) of the native SOD-Fs
was found to be around 65 kDa from the gel filtration on a
calibrated Superose 12 column (Fig. 1). On SDS/PAGE, SOD-
Fs gave a single protein band with apparent mol.wt. of 16 kDa
regardless of the presence of 2-mercaptoethanol (2-ME)
(Fig. 2). No other bands were visible on the gels. Surprisingly,
the apparent mol.wt. data from the gel filtration profile and
SDS/PAGE indicates that SOD-Fs is composed of four sub-
units of equal size held together by non-covalent interactions
and not by disulfide (S-S) bridges. On the other hand, the
apparent mol.wt. of native bovine SOD was observed to be
around 33 kDa from the gel filtration (Fig. 1). Furthermore,
upon SDS/PAGE, bovine SOD appeared to have the same
subunit mol.wt. of 16 kDa in the presence of 2-ME, and the
apparent mol.wt. was approximately 32 kDa in the absence of
2-ME (Fig. 2). These observations suggest that bovine SOD is
of dimeric structure with two identical subunits and that disul-
fide bridges seem to contribute to the stability of the holoen-
zyme.

3.3. AA composition

In comparison with the AA compositions reported Cu,Zn-
SODs from all other sources, SOD-Fs exhibits differences
(Fig. 3). The most dominant AA of SOD-Fs were Ser, followed
by Thr, Pro and Glu. On the other hand, the most predominant
AA of SODs from other sources were Gly, followed by Asp,
Val and Glu. SOD-Fs was in good agreements with other
sources in the low contents of aromatic AA, such as Tyr and
Phe. Thus, SOD-Fs seems to be abundant in polar AA, com-
pared to other sources.

3.4. Thermal stability

When the enzymes were incubated for 1 h at different tem-
peratures from 30 to 70°C, the activities of SOD-Fs and bovine
SOD remained at the original level of below 40°C (Fig. 4).
However, an abrupt decline in activity of SOD-Fs occurred
above 60°C. Heating at 70°C, SOD-Fs was completely inac-
tivated, while bovine SOD retained about 80% of the original
activity.

4. Discussion

The Cu,Zn-SOD is known to be one of the significantly
conserved families of enzymes, with regard to its structural

Table 1

Purification of fish skin Cu,Zn-SOD (SOD-Fs)*

Step Total protein Total activity Specific activity Yield (%) Purification
(mg) (units) (units/mg protein) (-fold)

Crude extract 412.0 1,524.4 3.7 100 1

DEAE-Toyopearl 30.16 838.4 27.8 55.0 8

SP-Toyopearl 0.02 222 1,111.1 1.5 300

#50 g of fish (plaice) skin was used for enzyme purification. See section 2 for details.
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Fig. 2. SDS/PAGE of fish skin SOD (SOD-Fs) (1 and 2) and bovine
erythrocyte SOD (3 and 4). The arrows indicate the positions of the
molecular weight markers.

properties. Generally speaking, most of the purified Cu,Zn-
SODs reported so far, have been shown to have a mol.wt. of
32 kDa, a subunit mol.wt. of 16 kDa, and to be a dimer com-
posed of identical subunits [21,22]. Hence, SOD-Fs which ap-
pears to be of tetrameric structure as the native form, is very
interesting. In addition, SOD-Fs was able to be dissociated into
subunits with SDS even in the absence of 2-ME. Most of
Cu,Zn-SODs are reported not to be able to dissociate into
subunit in the absence of 2-ME. Actually, in bovine SOD our
results were in good agreement with the published data (Figs. 1
and 2) [23,24]. The subunits of bovine SOD are thought to be
associated through unusually strong non-covalent interactions
so that SOD is not unfolded by SDS. The disulfide reducing
agents, such as 2-ME, appear to act on disulfide bridges local-
ized within each subunit of bovine SOD, result in initial confor-
mational changes of the protein and, consequently, in a total
disruption of the protein molecule into subunits [23,24]. Thus,

Mol (%)
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the subunit interactions seem to be different between in the
SOD-Fs and in the bovine SOD. A similar phenomenon is also
observed with swordfish liver [25] and aquatic bacterium [26].
On the other hand, EC-SOD is known to have a high mol.wt.
(135 kDa) so that SOD-Fs seems to be different from EC-SOD
[4]. When SOD is incubated under denaturing conditions, for-
mation of aggregates (mol.wt. 91-201 kDa) are observed
[25,27]. A similar observation is obtained from undissociated
bovine SOD and from old prepared pig liver SOD [23,28].
However, in this study, gel filtration was carried out under
native and low temperature conditions. Furthermore, freshly
prepared SOD-Fs samples had been used. Consequently, the
aggregation or undissociation of SOD-Fs are supposed to be
unlikely to occur.

The AA composition of SOD-Fs is clearly different from
those of human EC-SOD [4], human Mn-SOD [29] and E. coli
Fe-SOD [30]. We also found that immobilized-metal-affinity
column could adsorb not SOD-Fs but bovine erythrocyte SOD
(data not shown). This affinity column is also known to adsorb
human erythrocyte SOD [31]. The heavy metals in the affinity
columns are thought to be attached to certain kinds of AA
residues at the protein surface [32]. Consequently, the AA res-
idues which are located on the SOD-Fs surface, may be differ-
ent from those of bovine and human SODs.

In general, Cu,Zn-SOD is known to have a very stable three-
dimensional structure and to show unusually high thermal sta-
bility [33,34]. In comparison with SOD-Fs, AA compositions
of SODs from other sources, are rich in hydrophobic AAs (e.g.
Val and Ile) (Fig. 3). It is suggested that hydrophobicity of a
protein may play an especially important role in its thermal
stability [35,36]. On the other hand, polar AA residues, such as
Ser and Thr, were undesirable for establishing thermal stability
in protein [36]. Therefore, one of the reasons for the low ther-
mal stability of SOD-Fs, seems to be concerned with low
amounts of hydrophobic AAs, high amounts of polar AAs and
the strength of non-covalent interactions between the subunits
of SOD-Fs. Non-covalent interactions, such as electrostatic
interactions and hydrogen bonds, are also thought to contrib-
ute to protein stability and flexibility when they occur on the
surface of proteins [37,38]. Furthermore, it is also pointed out

f Fish skin (SOD-Fs)*
Bovine erythrocyte**
Chicken liver#

B Sword fish liver**

Amino acid

Fig. 3. Comparison of amino acid compositions of Cu,Zn-SODs isolated from different sources (mol %). The percentages of Trp and Cys of chicken
liver SOD were not determined. *This work; **Bannister et al. [25]; *Weisiger and Fridovich [48].
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Fig. 4. Thermal stability of SOD activity from fish skin and bovine
erythrocyte. The enzymes in 50 mM sodium phosphate buffer (pH 7.8),
were incubated at different temperatures for 1 h. After incubation, the
enzymes were immediately cooled in ice water, and then measured for
the residual activity at 25°C. Prior to addition of the enzymes, tubes
were pre-incubated for a few minutes at respective temperatures. The
concentrations of fish and bovine enzymes were 0.08 and 0.04 mg
protein/ml, respectively.

that the number and positions of free Cys residues in Cu,Zn-
SOD affect enzyme stability [33,39]. In any event, detailed
structural data of SOD-Fs is desirable to get a clear answer for
the thermal instability of SOD-Fs.

In conclusion, this report demonstrates for the first time the
existence of unique SOD in fish skin. In recent studies, red tide
unicellular phytoplankton Chattonella marina which often
causes fish death, is reported to generate ROS {40,41]. Further-
more, in the sea, ROS are reported to be produced photochem-
ically [42]. Fish skin contains oxygen-sensitive substances such
as polyunsaturated fatty acids. Under these conditions, fish
skin has many opportunities to be under oxidative stress. As
a result, SOD of fish skin may be important in the defence
system of skin against ROS stress. The molecular properties of
SOD-Fs differ from those of Cu,Zn-SODs isolated from other
sources including some bacteria, such as Photobacter leiognathi
which is known to live symbiotically with a certain marine fish
[12] and free-living, non-symbiotic bacterium [26]. We also ob-
served that SOD-Fs had pI about 6.3 on isoelectrofocusing gel
(data not shown), in contrast to the acidic values of most mam-
malian Cu,Zn-SODs [26]. However, it is not yet clear why fish
skin has unique SOD. Recently, it is observed that the SOD
mutations identified in certain patients influence both the active
site and the structure of SOD and finally the stability of SOD
is dramatically disrupted [43-45]. Hence, there is a possibility
that some mutations also affect fish skin SOD. Some microor-
ganisms are known to contain unique forms of SOD such as
Fe,Mn,Zn-SOD [46,47]. Unfortunately, the metal contents of
SOD-Fs was not determined because insufficient enzyme was
obtained. Further investigations (e.g. metal contents, primary
structure etc.) are now in progress.
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