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CHAPTER I

GENERAL INTRODUCTION

Oxygen is indispensable to most life forms. Aercbic respiration
using molecular oxygen as the terminal electron acceptor provides much
energy than does fermentation. Oxygen is utilized as an oxidant in
oxidase reaction and used as a substrate in oxygenase reactions produc—
ing many important metabolites. It should be noted, however, that
unique properties of oxygen are responsible for its ubiquitous require-
ment by organisms. Molecular oxygen, though apparently simple two atom
molecule, is characterized by its spin state at ground state (1). While
the ground state of most molecules are singlet, molecular oxygen has a
spin multiplicity of three at ground state, and it }s therefore triplet.
This spin restriction renders significant kinetic bérriers to molecular
oxygen in reactions with organic compounds, although these processes are
thermodynamically favored. Furthermore, molecular oxygen has a poten-
tiality to be excited states or to be oxidized or reduced states (1).

In biochemical reaction, oxygen is utilized through activated inter-
mediates under strict control, since these intermediates have a potent
reactivity toward cell components. However in some cases these bring
about non-specific oxidation of cell components without control.
Therefore oxygen has a two-sidedness when it i1s used, in other words,
oxygen is potentially toxic to all organisms depending on molecular
oxygen. ’

One cannot recognize the harmful action derived from oxygen in
organisms under normal conditions, but, it can be easily understood when
organisms are exposed to hyperbolic oxygen. Strict anaerobes cannot
survive under low concentration of oxygen and even aercbes suffer oxygen
damage in a hyperbolic oxygen (2). This indicates the presence -of
defense system against deleterious action of oxygen in aerobes and lack
of this system in anaerobes. The defense system by aerobes should have

acquired during the evolution of organisms with a close relation to the



ability of oxygen evolution of plants. Further it is most likely that
organisms have evolved toc derive greater benefit and lesser disadvantage
from oxygen upon utilization of molecular oxygen during the course of
evolution of organisms.

The oxygen concentration in the atmosphere is currently 217 and is
maintained by the balance of respiration and photosynthesis of orga-—
nisms. However, at the begining of the evelution of organisms, approxi-
mately 3.4 x 109 years ago, it is presumed that only trace amount of
free oxygen existed in the atmosphere. Oxygen at this time was mainly
derived from the decomposition of water by ultraviolet irradiation (Urey
reaction) and its concentration has been estimated to be less than
0.0027 (3,4). Obviously, there was no need to require the protection
system against oxygen for the earliest orgamisms on the earth such as
fermenting bacteria capable of utilizing organic compounds accumulated
in environment as the result of chemical evolution.

The most important event in the evolution of organisms was the
development of oxygen-evolving photosynthesis by blue-green algae.

_ Using water as electron donor and carbon dioxide as electron acceptor in
photosynthesis, they became to be independent of limiting energy sources
and could multiply enormously. The accumulation of free oxygen,
by-product of photosynthesis, first by blue-green algae follawed by
eukaryotic algaé and then land plants changed the atmosphere from a
reducing environment to an oxidizing one, brought aercbic respiration to
anaerobes, and formed ozone layer which eliminate ultraviolet irradia-
tion on the surface of the earth. Thus, the free oxygen made possible
the appearance of all higher forms life as seen at present day. Behind
this, the defense system against oxygen toxicity should have been
pferequested to ensure the usage of oxygen by organisms.

Molecular oxygen itself has a low toxicity, but its partial
reduction intermediates such as the superoxide radical (05), hydrogen
peroxide (H202), the hydroxyl radical (OH:) and its excited species,
singlet molecular oxygen (102) are very reactive toward cell components
and a;e responsible for oxygen toxicity (5-8). In sequential one
electron reduction from 0, to H,0, or oxidation from Hy0 to 05, the

superoxide radical, hydrogen peroxide and the hydroxyl radical as the



intermediate can be present (Fig. 1). 1In addition to these intermedi-
ates, excited singlet oxygen (102) is formed from ground state triplet
oxygen (302). These species are termed as "active oxygen" because of

their high reactivity in biology.

dioxygen

92
—
superoxide O;
e-———\k————2H+
hydrogen peroxide H202
e-———*ir———-OH_
hydroxyl radical OH-
—y—
HZO

Fig. 1. The univalent pathway of oxygen reduction.

The active oxygens are produced in various biolbgical and non-
biological processes (5-8). The superoxide radical, which is most
imbortant since from which other active oxygens are derived, is produced
by oxidizing enzymes, metaloproteins, and autooxidations of electron
carrier proteins and of low molecular weight compounds. Furthermore it
has been demonstrated that the superoxide is produced in subcellular
organelles such as chloroplasts, chromatophors, mitochondria, microsomes
and cell nucleus, and intact cells such as leucocyte, erythrocyte,

macrophage and Escherichia coli. In addition to above, the superoxide

is produced physically from water by ultraviolet or X-ray radiation
(9,10).

Hydrogen peroxide is genérated through two electron reduction of
oxygen by oxidases (glucose oxidase, glycolate oxidase, etc.) (11,12)
and through the enzymatic or non-enzymatic disproportionation of
superoxide (13). The latter is a major path of hydrogen peroxide
production in chloroplasts (14), which is known as the Mehler reaction.

There is no evidence indicating the production of the.hydroxyl

radical in enzymatic reaction. It is reasonable that oxygen—-utilizing



enzymes do not release the hydroxyl radical, since the hydroxyl radical
is a strong oxidant having.a high redox potential and oxidizes biomole-—
cules vngpecifically. TIn the presence of both the superoxide and
hydrogen peroxide, however, the hydroxyl radical is formed through the
folleowing reactions:

3+

r>" + 0, —>rFe’" + 0,

Hy0, + Fel'—>nmo. + oH + Feo'

The overall reaction corresponds to the Haber-Weiss reaction in which
0; instead of Fe2+ is a reductant for H,0, (15). However the reaction
between H,0, and 0, is very slow. The requirement of iron as indicated
in above scheme has been demonstrated (16,17).

Beside the superoxide, hydrogen peroxide and the hydroxyl radical,
electronically excited oxygen constitues active oxygen (5~-8). Several

. . . . . 1 . . .
kind of excited species are possible, of which Ag is most important in

biological system, since half life of this speices in water is compara

" tively longer to react biomolecules than other speicés (18). Due to

spin restriction the ground state molecular oxygen has low reactivity
toward organiccoﬁpoundswhich are -in-general singlet at ground state,
however, singlet oxygen reacts very rapidly with compounds having double
bond and oxidizes sulfides to sulfoxides, phenols to free radical
products. Singlet oxygen is produced through photosensitized reaction

in the presence of sensitizer (18) according to the following reaction:

D + hv > D >

where 1D, 1D*, and SD* are photosensitizer in ground state and excited
singlet and triplet states, respectively. Naturally occurring pigments
including chlorophyll and flavine play a role as a smsitizer (19). 1In
addition to above, several routes by which singlet oxygen is formed has
been proposed. The oxidation of superoxide generates singlet oxygen
(20,21).



Organisms are equipped with several kinds of defense system against
active oxygen which has been prerequested upon the utilization of
molecular oxygen as mention above. The most efficient and sophisticated
measure is prevention of active oxygen production during use of oxygen
or water. One of those example can be seen in the case of respiration
and phdtosynthesis. In respiratory chain cytochrome oxidase as a
terminal oxidase undergoes four-electron reduction of oxygen to water
during which no liberation of intermediate is observed (22). This
indicates that the reduction of oxygen proceeds in active site succes-
sively without liberation of intermediates. Oxygen evolution process in
photosynthesis which is apparently the reversed reaction of respiration
withdraws four electron from water to evolve molecular oxygen (23,24).
Again there is no evidence indicating the liberation of intermediate.

Several compounds including thiols and SH-enzymes are susceptible
to autooxidation in the presence of molecular oxygen (25-28)., Thus, the
concentration of oxygen inside the cells should be low enough to prevent
non-specific oxidation of their constituents. This strategy can be

‘considered as the defense system against oxygen toxiéity. In fact

" cytochrome c oxidase has a very low K, values of 10_9 M for oxygen and
is able to use oxygen as final oxidapt under ver§ low oxygen concentra-
tions—(29); Aerobic diazottophs, for example in the case of Azoto-
bacter, vigorous consumption of oxygen by respiratory activity results
in the decrease in oxygen concentration inside cells and prevent their
nitrogenase system from inactivation by molecular oxygen (30).

Since the generation of active oxygen is inevitable, these should
be removed as soon as possible. The following enzymes participate in
the scavenging of active oxygen. Superoxide dismutase catalyzes the

_"Ei;ﬁfoportionation of the superoxide and reduces its étady—state
concentration (13). Hydrogen peroxide is removed by catalase and/or
peroxidase. Recently ascorbate-specific peroxidase responsible for
scavenging HZOZ in cytoplasm or chloroplasts have been isolated in
Euglena (31) and spinach (32). Glutathione peroxidase may participate
in the degradation of 1lipid hydroperoxide (33).

The hydroxyl radical is the strongest oxidant among active oxygen

and non-specifically oxidizes carbohydrates, amino acids, proteins,



lipids and neucleic acids. Although it has not been established whether
there is specific scavenger or enzyme for the hydroxyl radical, it is no
doubt that many compounds play a role in scavenging the radical,
otherwise the oxidations due to the hydroxyl radical give rise to
deleterious effect,.

Singlet oxygen has a short life-time of 10-5 sec in aqueous
solution. Thus, most singlet oxygen are quenched by water molecules
(34). In hydrophobic environment, i.e. membrane, G-tocopherol and
B-carotine quench singlet oxygen at a diffusion-controlled rate (35-37).

Among active oxygen the superoxide radical is most important since
from which the other active oxygen are derived (5-8). The interconver-
sion of active speices of oxygen are as follows:

0. + 0. + 2H+—-—->H20

2 + 0

2 2

Fe
02 + HZOZ-——————-e>HO- + HO + 02

Thus, the stady state concentration of the superoxide determines the
production of hydrogen peroxide, the hydroxyl radical and singlet
oxygen. Fipg. 2 representsthe mechanisms for preduction, scavenging and

biological effect of superoxide radical.

50D © Catglose
0, o> —Jao—=*

ypmy | =2

%,%,,‘,’,L%%%‘,,/"M/ o
o B

=|-EO

AHa Peroxidase
D,
HO

P P Target Cell
Hzo S ?OE*' > compounds 0D damage

OH- Sct;vengers

Fig. 2. Mechanisms.for‘generation, scavenging and biological

effects of superoxide radical. L, ligand; AHZ’ electron donor.



Superoxide dismutase (superoxide: superoxide oxidoreductase, EC
1.15.1.1, 80D) is a key enzyme in defense system for active oxygen which
catalyzes the disproportionation of the superoxide anion radical
according to the following reaction (13):

+
0, + 0, + 2 ——>0, + Hy0, [1]

The reaction mechanism of the enzyme has been elucidated to be a simple

oxidation-reduction cyele (38) as

E-M"T 4 oE-—-—-——;E-M(n'”* + 0, [2]
R VAL DA o;_' + 22— s M 4 H,0, [3]
(n=1)+

+ . PR .
where E-M"" is oxidized enzyme and E-M is reduced counterpart.

? M_1sec—1 at

The second-order rate constants of eqs 2 and 3 are 2 x 10
pH 7.8 (2), thus the overall reaction (eq 1) proceeds near diffusion-
limited rate. Due to this high catalytic activity, 30D dramatically
" reduces the stady state concentration of superoxide in cells from 10—5
M, which is a concentration in the absence of SOD, to 10_9 M, and

" prevent "the production “of more toxic oxygen speices derived from
superoxide.

Three distinct types of superoxide dismutase have been so far
isolated from various organisms (5,39). Cu,Zn-superoxide dismutase has
been isolated from a wide range of eukaryotes including animals, higher
plants and fungi. Mn-SOD has been obtained from mitochondria of
eukaryctes and from prokaryotes. Fe—-S0D has been purified only from
prokaryotes. However, systematic survey for three types of S0D among
organisms at different evolutional level has not been conducted yet. A
high degree of homology in amino acid sequences of Fe- and Mn-SOD has
been reported (40), but Cu,Zn-SOD is sequentially non-homologous to
Fe/Mn-SOD (41). Oxygen and superoxide induce the biosynthesis of
Cu,Zn-S0D and Mn-50D, but not Fe-S50D (42-44). Still, little is known in
respect of physiological difference among three types of SOD.

This study has been motivated by the simple question why there are



three types of superoxide dismutase which catalyze the same reaction at
the same catalytic efficiency. To answer this question, I investigated
the distribution among various organisms with a evolutional point of
view, the subellular localization and the possible difference in
reactivity, of three types of superoxide dismutases. As a result of the
study in these directions, the knowledge about the molecular evolution
of SOD will not only give a deep insight in one aspect of photosynthe-
sis, but also be a model for the evolution of oxygen metabolizing
systems. Furthermore, the elucidation of the structural and catalytid
change of three types of SOD during evolution will be a clue toc produce
more efficient catalyst by molecular engineering.

In this study, the distribution of three types of SOD with a
special reference to Cu,Zn—-SOD in photosynthetic organisms (Chapter II)
and fungi and marine invertebrates {(Chapter III) was investigated. Most
eukaryotic algae lacked Cu,Zn—-S0D, but Spirogyra SOD was characterized
to be Cu,Zn-S0D by purification (Chapter IV). On the basis of the
distribution studies of S0D in various organisms, each enzyme was
characterized after isolation. In Chaper V, spinach:contained cytosolic
" and stromal Cu,Zn-SOD isozymes which were different étructurally and
,imﬁunologically. Two types of Cu,Zn-S50D were also found in rice and
were characterized (Chapter VI). To confirm that cells containing
chloroplasts have both types of Cu,Zn-80D, the purification was extended
to a fern (Chapter VII). 1In Chapter VIII, SOD activity was detected in
anaerobic bacteria and this was characterized to be Fe-S0D. Presence of
only Fe-SO0D and absence of Mn-SOD in anaerobes was confirmed in green
sulfur bacteria (Chapter IX). Correlation between oxygen concentration
in a cell and type of SOD was investigated in aerobic diazotrophs,
soybean root-nodule bacteroids and Azotobacter (Chapter X). Purifica-

tion and characterization of eukaryotic Fe-SOD from Euglena gracilis and

its subcellular localization was conducted (Chapter XI). Eukaryotic
Fe-S0D was also found in a fern (Chapter XII) and in spinach chloro-
plasts (Chapter XIII), and the latter was fully characterized. 1In
Chapter XIV, Mn-SOD was isolated from a red alga and its molecular
properties were described. Furthermore, gram—scale purification of

Fe—-50D. was conducted from Azotobacter and its molecular properties were



investigated in details (Chapter XV). Finally, the reactions of Mn~ and
Fe~S0D with hydrogen peroxide were kinetically investigated (Chapter
XVI). The implication from the results of distribution, subcellular
localization, molecular and kinetical properties of three types of
superoxide dismutase was discussed on a evolutional point of view, and

proposed a hypothesis to rationalize the present results (Chapter XVII).
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CHAPTER II

SUPEROXIDE DISMUTASES IN PHOTOSYNTHETIC ORGANISMS: ABSENCE OF THE
Cu,Zn-ENZYME IN EUKARYOTIC ALGAE

1. INTRODUCTION

It is generally accepted that most molecular oxygeﬂ in the bio-~
sphere has accumulated due to photosynthetic activity, first by blue—
green algae, followed by eukaryotic algae, and then by land plants (1).
Though molecular oxygen is an effective electron acceptor for aerobic
organisms, oxygen poisons the cells unless they have a protective
mechanism. Molecular okygen itself has rather low toxicity, but its
2 in

partial reduction products such as O_, H202, and OH-, as well as O
excited states (102), are highly reactive toward celi@components and are

responsible for the toxicity of oxygen toward cells.
On illumination, chloroplasts produce these activated oxygen
species, 0; (2,3), H202M(4),_0H;‘(Sl,-and‘1

background for the evolution of a system that utilizes light energy in

02 (6), and, therefore, as a

photosynthetic organisms, the cells have acquired a defense mechanism

against oxygen toxicity. Superoxide dismutase catalyzes the dismutation

, in the cells. 8ince 0; is a

2 (Haber-Weiss reaction) (7),

superoxide dismutase, in addition to catalase and peroxidase, has been

of 02 to H202 and 02 and scavenges.O

source of QH: by interaction with H20

assumed to.play an important role in protection from oxygen toxiecity.
Superoxide dismutase (SOD) has been purified from various orga-
nisms, and three forms of the enzyme have been found; these differ in
the metal in the enzyme (8). Cu,Zn-S0D has been found in eukaryotes
including mammalian tissues, higher plants, yeast, and Neurospora. This

form of the enzyme has also been found in a prokaryote, Photobacterium

leiognathi (9). Mn—SOD occurs in prokaryotes and also in the matrix of
mitochondria in yeast and mammalian liver. Fe-SOD has been found only

in prokaryotes. A high degree of homology of amino acid sequences of

12



. Mn- and Fe=SOD from mitochondria and.bacteria has been reported, which
implies that the mitochondrial enzyme arises from prokaryotic cells
(10,11). On the contrary, Cu,Zn~S0D is sequentially nonhomologous to
the Fe— and Mn—enzymes. ‘

Until recently, Cu,Zn-50D was detected in all eukaryotes tested.

However, this form of the enzyme is absent from Basidiomycete and

protozoa. (12,13). I also observed that Cu,Zn-SOD is absent from several
eukaryotic algae. On the other hand, Fe— and Mn~SOD have been found in
photosynthetic bacteria and blue-green algae (14-18). Under these
circumstances, I was interested in surveying what form of superoxide
dismutase is contained in photosynthetic organisms at different evolu-
tionary or phylogenetic levels. I judged the form of superoxide
dismutase using two criteria: (a) Cu,Zn-SOD is ‘sensitive to cyanide,
while Feé— and Mn-S0D are insensitive (8), and (b) only Cu,Zn-S0D is
sensitive to the antibody against Cu,Zn~S0D from spinach. The results
presented in this chapter indicate that superoxide dismutases in
ph&tosynthetic bacteria and in both prokaryotic and épkaryotic algae are
all Fe- and/or Mn~SOD, and these organisms lack Cu,Zn~SOD. Cu,Zn-S0D
appears only iﬁ land plants including ferns, mosses, and seed plants.
~The  relation between the-oxygen -concentration in the atmosphere and the

appearance of various forms of superoxide dismutase is discussed.

2. MATERTALS AND METHODS

Photosynthetic bacteria grown under photoautotrophic conditions
were supplied by Drs. T. Akazawa, T.'Horio, H.G. Truper, and M. Koba-
yashi., Strains of blue-green algae were provided by Drs. Y. Fujita and
. T. Katoh, and the cells were cultured as described previously (14).

Nostoc verrucosum was the gift of Dr. M. Shin. Chlorella vulgaris,

mutant 125, which lacks chlorophyll and was grown in a medium containing

glucose (19), was supplied by Dr. §. Ida. Strains of Chlamydomonas

reinhardi and Chlorella ellipsoidea were provided by Drs. M. Ishida and

§. Hori and the cells were cultured according to Ishida et al. (20), and

Tamiya et al. (21), respectively. A strain of Euglena gracilis, strain
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Z, was a gift from Dr. XK. Hirai, and the cells were grown under photo-
autotrophic conditions (22). Diatoms were generously supplied by Dr. K.
Iwasa. Aerial algae were collected by Mr. K. Madono. Thalli of marine
algae were collected in Maizuru Bay and kindly identified by Dr. I.
Umezaki. Nitella were supplied by Drs. E. Doi and M. Tazawa. Mosses
and ferns were collected in Kyoto and Miyazaki and kindly identified by
Mr. Y. Akagi. Chlorophyll-containing tissues, 1.e. gametophytes and
sporophytes, were employed. Leaf tissues of seed plants were obtained
from their seedlings grown in a green house or collected near the campus
of Kyoto University. '

The materials were stored at -20°C before use. Cells of photo-
synthetic bacteria and unicellular algae were suspended in 50 mM
potassium phosphate, pH 7.8, containing 0.5 mM EDTA, and were disrupted
by sonication, usually for a total of 20 min (10 2-min periods at 2-min
intervals) in an ice bath to ensure thorough homogenization. Thalli of

marine algae, cells of Chlorella ellipsoidea, and land plants were

homogenized in a mortar for 30 min with sea sand aﬁd 50 mM potassium
phosphate, pH 7.8, containing 0.5 mM EDTA. The sonicates or homogenates
were centrifuged at 39,000 g for 20 min, and, for concentration,
ammonium sulfate was added to the supernatants to give 807 saturation.
The sediments obtained by centrifugation were dissolved in and dialyzed
against 10 mM phosphate;, pH 7.8, containing 0.1 mM EDTA, for 48 h. The
cell-free extracts obtained after centrifugation, if necessary, were
assayed for superoxide aismutase, peroxidase and catalase.

Superoxide dismutase was assayed by the inhibition of cytochrome c
reduction by Oé'generated with the xanthine-xanthine oxidase system
using a modification (23) of the procedure of McCord and Fridovich (24).
The cell-free extracts of some organisms reduced or oxidized cytochrome
c without the xanthine-xanthine oxidase system. When this interfered
with the assay, enzyme activity was determined by the inhibition of the
formation of formazane due to the reduction of nitroblue tetrazolium by
Oi'
contained 25 mM Tricine-KOH buffer, pH 8.5, 25 pM FMN, and 25 uM

nitroblue tetrazolium in a total volume of 2 ml. The reaction was

generated with illuminated flavin (25). The reaction mixture

carried out using a Shimadzu UV-200 spectrophotometer modified so that
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the absorbance change due to formazane could be monitored continuocusly
with an appropriate filter, while the cuvette was being illuminated from
the side. The ecross—-illuminating light provided by a projector was
passed through a 480-nm interference filter,

One unit of superoxide dismutase was defined as that amount which
caused half-inhibition of cytochrome ¢ reduction under the assay
conditions described above. The enzymatic unit is equal to (V/v-1),
where V and v are the reduction rates in the absence and presence of the
enzyme, respectively (23). Since the reaction volume was one-third, the
unit given by this procedure is threefold that of Mcéord‘and'Fridovich
(24). The results in tables I to IV are presented in McCord-Fridovich
units. When the method of cytochrome c¢ reduction was interfered with by
reducing or oxidizing substances, the enzymatic unit was estimated from
the value based on the method of formazane formation by a factor
determined with the purified enzyme. Typical results in Fig. 3 indicate
that the enzymatic unit estimated from (V/v-1) is proportional to the
amount of cell-free extract. The effect of cyanide and antiglobulin on
enzyme activity was estimated from (V/v-1) in the presence and absence

of the inhibitors by using at least three different amounts of the

”extract.u_The effect of the. lnhlbltors, if any, on the Oz—generatlng

system was corrected for by determination of the 02—1nduced reactions in

the absence of the extract. Polyacrylamide disc gel electrophoresis of

cell extracts was carried out and location of superoxide dismutase was

 located on the gels acéording to the methods of Beauchamp and Fridovich

(25).
Peroxidase was assayed using pyrogallol and guaiacol as electron
donots, according to Siegel and Siegel (26). Catalase activity was

determined by the disappearance of H O, measured at 240 nm accerding to

Luck (27). All enzymatic assays werz garried out at 25°C, and protein

in the extracts was determined according to Lowry et al. (28).
Antiserum against Cu,Zn-S0D form spinach (29) was prepared as

preyiously (23). Antiserum against Fe~SOD from the blue-green alga

Plectonema boryanum (14) was prepared by immunization of rabbits as

follows: The purified enzyme, 0.1 to 0.5 mg.in 1 ml of 0.9% NaCl, was

emulsified with an equal volume of complete Freund's adjuvant, and for
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each rabbit 2 ml of the emulsion were injected one-half into the toe
pads and one-half into multiple sites on the back. The injection was
repeated four times at weekly intervals. Blood was taken from the ear
vein 1 and 2 weeks after the last injection. Control blood was obtained
from unimmunized rabbits of the same age. The Y-globulin fraction from
immune and control sera was obtained by vepeating the precipitation with
ammonium sulfate at 337 saturation twice and was dissolved in and
dialyzed against 0.15 M NaCl containing 5 mM Tricine~KOH or potassium
phosphate, pH 7.8. Further purification of the antibody was performed
by passing the Y-globulin fractiocn through a DEAE-celluibse éolumn
equilibrated with 5 M phosphate, pH 7.8, after dialysis against the
same buffer.

The homogeneity of antibodies was confirmed by the following test
(the results are shown only for the anti—Cu,Zn-S0D). The double
immunodiffusion line between the antibody and the crude spinach extract
on the agar plates was fused with that between the antibody and the
purified enzyme (Fig. 1). The resutls of quantitative immuoprecipita-
tion are shown in Fig. 2, At the equivalent point, seven molecules of
immunoglobulin were found to bind to one molecule of the spinach

superoxide dismutase, assuming that the molecular weights of the spinach

enzyme and Y-glabulin are 32,000 and 140,000, respectively. Anti-Cu,Zn-

Fie. 1. Ouchterlony double immunodiffusion of
spinach superoxide dismutase and its antibody.
Center well, immunoglobulin (720 pg of protein); S,
crystalline Cu,Zn-superoxide dismutase from spin-
ach; E, crude spinach leaf extract (10 ul).
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Frg. 2. Precipitation reaction of spinach super-
oxide dismutase antibedy with spinach superoxide
150} i dismutase. The immunoglobulin and control globu-
:\ lin (1.41 mg of protein) were incubated with the

indicated amounts of spinach superoxide dismutase
in 0.15 M NaCl containing 20 ms potassium phos-
00K " h phate, pH 7.8, in a total volume of 0.1 ml, at 5°C for 2
. _days. The immunoprecipitates formed were coi-
“lected by centrifugation at 3000g for 30 min and
[~ mrunagiobuin washed twice, each time with 0.2 ml of 0,15 m NaCl
* —ff—— containing 20 mm potassium phosphate, pH 7.8. The
H ) oceurrence of unreacted immunogiobulin and anti-
] Control globulin gen in the supernatants was confirmed below and
b i R above the equivalent point, respectively, by means
o 0 (el 30 100 200 of double immunodiffusion on agar plates. The pro-
Superoxide Cismutase [ pgh tein of the precipitate was determined according to -
Lowry et al. (28), and a small blank in the absence of
the enzyme was subtracted.
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SOD completely inhibited the spinach enzyme, Half-inhibition occurred
at 40 pg of immunoglobulin for 0.12 pg of purified enzyme. Control
globulin neither formed a complex with the enzyme nor inhibited enzy-
matic activity.

Bovine Cu,Zn-SOD (erythrocuprein ) was the generous gift of Dr. F.

Hirata. The antibodies against Fe— and Mn-SOD from Mycobacterium were

kindly donated by Dr. E. Kusunose. Xanthine oxidase from milk and
cytochrome ¢ from horse heart (type III) were obtained from Boehringer

_and Sigma, respectively.

3. RESULTS

Enzymatic activities of superoxide dismutases in photosynthetic
organisms at different evolutionary levels are summarized in Tables I,
II, and IV. The effects of cyanide are also included in the tables, and
typical effects of both cyanide and the antibody on superoxide dismutase
activities of representative photosynthetic.organisms are indicated in

Figs. 3 and 5.

Seed Plants (Angiospermae and Gymnospermae)

Superoxide dismutases from green peas (Pisum sativum) (30), wheat

germ (31), and spinach leaves (29) have been purified and characterized
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TABLE I
ACTIVITIES OF SUPEROXIDE DISMUTASES AND THER
CYANIDE SENSITIVITIES IN EXTRACTS OF SEED
PranTs, Mosses, anp Ferna

Species Superoxide dis-

mutasge

Activ. Cya-
ity nide-in-
(units/ sensi-
mg of tive ac- -
protein) tivity®

(%)
Spermatophyta (seed plants)
Angiospermae
Monocotyledoneae
Zea mays 1 24
Triticum aestivum 25 3
Oryza sativa 31 8
Lemna perpusilla 20 18
Halophila ovalis 20 39
Dicotyledoneae
Cryptotaenia canadensis 4 22
Spinacia oleracea 12 6
Raphanus sativus . 11 68
Gymnospermae
Chamaecyparis cbtusa 16 83e
Cryptomeria japonica 9 912
Metosequoia  glyptostro- 13 400
boides
Pinus thunbergii 5 55°
Ginkgo biloba 14 5ge
Cycas revoluta 19 67
Bryophyta.(mosses)
Musci
Polytrichum juniperinum 40 21
Hepaticae ' -
Marchaentia polymorpha 9 33
Canocephalum conicum 41 21
Pteridophyta (ferns) )
Pterophytina
Azolla imbricata 19 61°
Diplazium subsinuatum - 4 79¢
Gleichenia japonica 4 600
Plenasium banksiifolium 7 39
Angiopteris lygodiifolia 14 4
Calamophytina
Equisetum arvense 10 9
Equisetum ramosisgimum 24 12
Lycophytina
Selaginella nipponica 25 15
Lyecopodium cernuum T 11
Lycopodium serratum 43 20

2 Cyanide present at 1 mm.

# Effect of cyanid was tested using the nitroblue
tetrazolium gsystem for the assay of superoxide dis-
mutase.
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TABLE I
AcTiviTies or Superoxipe DisMuTaszs AND THEIR
CyaNnine SENSITIVITIES IN EXTRACTS OF
EURARYOTIC ALGAE

Species Superoxide dis-
mutase
Activ- Cya-
ity nide-in-
(units/  gensi-
mg of tive ac-
protein)  tivity
(%)
Charophyta
Nitella pulchella 27 100
Nitella axilliformis ND* 100
Chlorophyta (green algae)
Bryopsis plumeosa 15 100¢
Trentepohlia aurea o3 100
Ulva pertuse ' 3 100
Chlorella ellipsoidea ND 100
Chlorella vulgaris, mutant ND 100¢
125
Chlamydomonas reinhardi  ND 100
Euglenophyta
Euglena gracilis, strain Z 21 100
Phaeophyta (brown algae)
Sargassum horneri 28 100¢
Sargassum thunbergii 6 100°
Sargassum tortile 3 100
- Colpomenia sinuosa 4 100
Chrysophyta
Bacillariophyceae (diatoms)
Navicula pelliculosa 25 100
Phaeodactylum tricorputum 21 100
Rhodophyta (red algae)
Grateloucia filicina 11 100
Gymnogongrus flabellifor- 25 100
mis ‘
Gracilaria fextorii 29 100
Gelidium amansii 23 100
Porphyra tenera 17 100

¢ Cyanide present at 1 mm.

¢ ND, not determined.

¢ Effect of cyanide was tested using the nitreblue
tetrazolium system for the assay of superoxide dis- |
mutase.

TABLE 1II

Erreer or GrowTH CONDITIONS ON SUPEROXIDE
Dismurase ConTENT IN Euglena gracilis®

Growth conditions Protein  Superoxide

: (mg/cul- dismutase

ture bottle) (units/mg

Qe of protein)
Photoautotrophic® 197 10.3
Photoheterotrophic® 160 6.0
Heteratrophic? 60 3.6

. ® The cells were grown on 400 ml of Cramer and
Myers" medium (22) with bubbling §% CO,-enriched
air at 25°C for 14 days.

b ¢ Cultured under fluorescent lamps (6000 ergs/
cm?/sec).

@ To the medium, glucose was added at a con-
centration of 3.5%.

¢ Cultured in the dark.



as Cu,Zn-50D. The angiosperm Cu,Zn—S0D closely resemble those from
other sources, having only minor differences in amino acid composition.
Crystallographic studies on the spinach enzyme have also been carried

out (32) for comparison with the mammalian enzyme (33).
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Fic. 3. Effect of cyanide and the antibody against the spinach Cu,Zn-superoxide dismutase
on superoxide dismutase activity in ceil-free extracts from photosynthetic organisma at differ-
ent evolutionary lavels. Enzymatic activity was calculated from (V/v = 1} using the cyto-
chrome ¢ system described in Materials and Methods. The effect of cyanide was tested at
differant amounts of the extracts in the presence (@8——®} and absence {(O- - -O) of 1 mmM
KCN. The effect of the antibody was determined as follows: Extracts containing about 2 units of
superoxide dismutase were incubated with various amounts of immunoglobulin or control
globulin in 0.15 M NaCl! containing 20 mM potassium phosphate, pH 7.8, in a total volume of 0,2
ml, at 5°C, After a 1-h incubation, enzymatic activity was determined under standard condi-
tions. (M———m), Spinach Cu,Zn-superoxide dismutase antibody; (¢——#), Plectonema Fe-
superoxide dismutase antibody; (O - -00), control globulin. A, Lemna perpusilla; B-1, Crypto-
taenia canadensis; B-2, Cycas revoluta; C, Marchantia polymorpha; D, Polytrichum juniper-
inum; B, Diplazium subsinuatum; F, Lycopodium cernuum; G, Nitella pulchella; H, Chlamydo-
monas reinhardi; I, Nostoc verr m; J, Plectonema boryanum; K, Chromatium vinosum; L,
Chlorobium thiosulfatophilum.
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Cu,Zn-S0D is sensitive to cyanide, and this is also the case for
the spinach enzyme (23). Table I and Fig. 3A indicate almost complete
or partial inhibition of SOD activity by cyanide in extracts of both
monocotyledonous and dicotyledonous angiosperms. Disc gel electro-
phoresis revealed that the major SOD was sensitive to cyanide (Fig. 5).
These observations indicate that the major soluble SOD in angiosperms is
Cu,Zn—-SOD.

Further evidence for the occurrence of the Cu,Zn—enzyme is provided
by the inhibition of the enzyme by the antibody‘agaigst the spinach
enzyme (Fig. 3B). In addition to the angiosperms indicated in Table I,

SOD activity in extracts from kidney bean (Phaseolus vulgaris) and

soybean (Glycine max) was inhibited by the antibody. Whenever the
antibody inhibited the enzymatic activity, a precipitin band was

Angiosperms Gymnosperms Mosses

Fic. 4. Ouchterlony double itnmunodiffusion of the spinach Cu,Zn-superoxide dismutase
antibody and superoxide dismutase in cell-free extracts from various photosynthetic orga-
nisms. Center well or A, immunoglobulin (260 ug of protein); S, crystalline spinach Cu,Zn-
superoxide dismutase (1.1 pg, 10 units); 1-12, cell-free extracts containing 10 to 20 units of
superoxide dismutase from: 1, Lemne perpusilla; 2, Cryptotaenia canadensis; 3, Raphanus
sativus; 4, Cycas revoluta; 5, Metasequoia glyptostroboides; 6, Polytrichum juniperinum; 1,
Equisetum ramosissimum; 8, Equisetum arvense; 9, Angiopteris lygodiifolia; 10, Ulva pertusa;
11, Porphyra tenera; and 12, Nitella pulchella.
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observed between the extract and the antibody in the immunoprecipitation
test, indicating that the spinach enzyme and the SOD of the other
angiosperms have some antigenic determinants in common (Fig. 4). It

should be note here that Halophila ovalis and Lemna perpusilla (Figs.

3A, 4, well 1, and 5, strips 2) are aquatic angiosperms.

The localization of Cu,Zn-SOD in chloroplast stroma has been
revealed after fractionation of spinach leaf cells by sucrose density
centrifugaion (29). I have observed that the chloroplast stroma has a
cyanide—insensitive SOD in addition to Cu,Zn-SO0D, suggesting the
occurrence of Mn— or Fe-S0D (Chapter XIII). However, Ldﬁsdeﬁ and Hall
(34) reported the cyanide—insensitive enzyme in spinach lamellae. 1In
kidney bean leaves, in accordance with spinach, three soluble isozymes
of SOD were found. Two of them are semsitive. to both cyanide and the
antibody, while the other is insensitive to both inhibitors (35). Thus,
angiosperms contain both cyanide-sensitive and —insensitive SOD.

Extracts of seven species of gymnosperms were tested for the effect
of cyanide on SOD. Since the cytochrome c assay s%stem was disturbed by

redox substances in dialyzed extracts of all species except Cycas

revoluta, enzymatic activity was measured by the nitroblue tetrazolium

system., ~The results in Table I .show partial inhibition by cyanide,
suggesting the occurrence of Cu,Zn-SO0D in gymnosperms, although in
general the percentage of cyanide-insensitive activity was higher than
in angiosperms.

The superoxide dismutase activity of gymnosperms was only slightly
inhibited by the antibody to spinach enzyme. Figure 3B shows the

results of Cycas revoluta using both ‘assay systems. A similar weak

inhibition was observed in extracts of the other gymnosprems. Figure 4

shows the absence of or faint immunoprecipitation band between the

. antibody and an extract of Métésequoia or Cycas. Extracts from the

other gymnosperms showed similar results in Ouchterlony tests. This
weak interaction with the antibody may be due to a high proportion of
cyanide-insensitive SOD in extracts of gymnosperms and may be partly due
to the phylogenetic distance between angiosperms and gymnosperms. I
observed that Cu,Zn~80D from bovine erythroecytes (erythrocuprein) did
not form a complex and was not inhibited by the spinach Cu,Zn-SOD

antibody.
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_Mosses and Ferns (Bryophyta and Pteridophyta )

Superoxide dismutases in extracts from mosses and ferns were

characterized in the same way as those from seed plants.

S0D from

mosses (three species covering Hepaticae and Musci) were partially

inhibited by cyanide and by the antibody (Table I, Fig. 3C and D).

Partial inhibition by both inhibitors was also observed in ferns

including Lepidophytina, Calmophytina, and Pterophytina (Fig. 3E and F,

Table I).

sensitive and -insensitive isozymes of SOD (Fig. 5).

of fern tested, Azolla imbricata is aquatic.

Disc electrophoresis indicates the occurrence of cyanide-

0f the 10 species

These observations suggest

the occurrence of Cu,Zn-SOD in addition to the cyanide—insensitive

enzyme in ferns and mosses irrespective of their habitat.

Figure 4

shows that extracts of ferns and mosses cross-reacted, with spur

formation in the Ouchterlony test.

Seed plonls Mosses Ferns
i 2 3 4. L] -] ’
E'.ﬁomlic algue
tosynlhailc
Prokaryolic algae bocteria

Fm‘ 5. Polyacrylamlde-ge] electrophoresis of ex-
tracts of photosynthetic organisms and activity pat-
terna on the gels stained for superoxide dismutase in
the presence and absence of cyanide. For each pair,
the left strips are control and the right were im-
mersed in 5 mm KCN before staining for superoxide
disrnutage activity. Top; Cathode, bottom: anode. 1,
Spinacia oleracea; 2, Lemna perpusilla; 3, Polyiri-
chum juniperinum; 4, Marchantia polymorpha; 5,
Angiopteris lygodiifolia; 6, Equisetum ramosissi-
mums; 7, Nitella pulehella; 8, Bryopsis plumosa; 9,
Chlamydomonas reinhardi; 10, Euglena gracilis; 11,
Colopomenia sinnosa; 12, Gymuogongrus flabellifor-
misg; 13, Nostac verrucosum; 14, Anabaena variahilis;
16, Rhodospirillum rubrum; and 16, Rhodopsen-
domonas capsulata. The achromatic zones indicata
enzymatic activity,
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TABLE IV
ActrviTies oF SuperoxinE DisMUTASES AND THEIR
CYANIDE SENSITIVITIES IN EXTRACTS OF BLUE-
GREEN ALCAE AND PHOTOSYNTHETIC BACTERIA

Species Superoxide dis-
mutase
Activ- Cya-
ity nide-in-
e (units/  sensi-
mg of tive ac-
protein) tivity®
{%)
Cyanophyta (biue-green algae) .
Plectonema boryanum 9 100®
Nostoc verrucosum - 26 100
Anabaena cylindrica NDe 100
Anabaena variabilis 1 100
Spirulina platensis 61 100
Bacteriophyta
Rhodospirillaceae (purple
nonsulfur bacteria)
Rhodospirillum rubrum 7 100
" Rhodopseudomonas capsu- 10 100
lata
Chlorobiaceae (green sulfur
bacteria)
Chlorobium thiosulfato- 13 100
philum
Chromatiaceae (purple sulfur
bacteria)
Chromatium vinosum T 100

? Cyanide present at 1 mm,

» Effect of cyanide was tested using the nitroblue
tetrazolium system for the assay of superoxide dis-
mutase.

¢ ND, not determined.



Eukaryotic Algae (Charophyta, Euglenophyta, Chlorophyta, Chrysophyta,

Phaeophyta and Rhodophytal

The effects of cyanide and the antibody on SO0D in extracts of
eﬁkaryotic algae are shown in Table IIL and Fig. 3G and H. The eu-
karyotic algae tested covered red algae (five species), Euglena (one
species), brown algae (four species), diatoms in Chrysophyta (two
species), green algae (five species), and Charophyta (two species).
Their habitat is fresh water or marine, except for an aerial greeﬁ alga,

Trentepohlia aurea..

In marked contrast to seed plants,.ferns, and mosses, SOD activity
in the eukaryotic algae is not affected by cyanide or by the spinach
enzyme antibody. In some algae the inhibition of cytochrome c reduction

by 05 generated by the xanthine-xanthine oxidase system was partially
reversed by cyanide, but this was not the case when I assayed for SOD

2
generated by the FMN-light system. Partial reversal of inhibition by

activity using the inhibition of nitroblue terazolium reduction by 0O

cyanide was probably due to the inhibition of cytochrome ¢ oxidase by
cyanide. In agreement with the ineffectiveness of the antibody on
'enzymatic activity, extracts of eukaryotic algae did not form a precipi-
tation band in OQuchterlony tests (Fig. 4).

Immunological studies on ferredoxin (36), ribulose diphosphate
carboxylase (37), glycolate oxidase (dehydrogenase) (38), and ferredoxin-
NADP reductase (39) have indicated that there are common antigenic
determinants among the enzymes of angiospermé, eukaryotié and pro—
karyotic algae, and photosynthetic bacteria. The sensitivity of the SOD
from ferns and mosses and the insensitivity of those from algae to the
spinach SOD antibody are probably not due to phylogenetic distance but
reflect the presence of different forms of SOD. ,

The location of SOD activity in polyacrylamide disc gels after
electrophoresis provided evidence for the occurrence of several isozymes
in extracts of some algae. Some of the results are shown in Fig. 5. In
the case of seed plants, mosses, and ferns, at least one achromatic band
disappéared on pretreatment of the gel with cyanide, but, in the case of
the eukaryotic algae, achromatic bands were not affected by treatment

with cyanide. Therefore I may say that eukaryotic algae do not contain
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cyanide-sensitive Cu,Zn-S0D, not even as a minor isozyme component.
Adaptive formation of S0D in an enviromment of high partial

pressures of oxygen has been reported in Escherichia coli, Streptococcus

feacalis (40), yeast (41), and lungs of rats (42). Since illumination
of chloroplasts produces activated oxygen species in photosynthetic
organisms (2-6), the level of SOD is expected to be affected by the
growth conditions. The results in Table III on the level of SOD in
Euglena cultured under different conditions indicate that this is the
case. The level of S0D is highest in cells cultured under photoauto—
trophic conditions. Thus, in addition. to oxygen, light'also induces

adaptive formation of SOD.

Prokaryotic Algae (Cyanophyta)

The absence of Cu,Zn-S0D in prokaryotic algae, as in eukaryotic
algae, is evident from the data in Table IV and Figs. 3I and J and 5.
The SOD activity in crude extracts of blue—green algae (five species)
was not affected by cyanide and tﬁe'antibody.against the ‘spinach Cu,Zn-
son, . ’

Superoxide dismutases have been purified from Plectonema boryanum

--(14,18) and-Spirulina platensis (17). - The major SOD in these blue-green

algae is the Fe-containing enzyme having properties similar in several

respects to Fe~S0D from Escherichia coli (43) and Pseudomonas ovalis

(44). The minor SOD in Plectonema is the Mn—enzyme (35). During
purification of the enzyme from Plectonema cells, only the two cyanide-
insensitive SOD were detectable (14}, supporting the absence of the
Cu,Zn~enzyme.

The antibody against Fe-SOD from Plectonema inhibited the Plecto-
nema Fe—enzyme and formed a precipitin line in Ouchterlony tests but
neither inhibited nor formed a complex with the SOD from the other

algae, not even the enzyme from Nostoc verrucosum. Plectonema Fe—50D

was not inhibited by the antibody against Fe—-SOD from Mycobacterium

tuberculosis or Mn—80D from Mycobacterium sp., strain Takeo. It has

been shown that antibodies against the Mycobacterium enzyme cross-—

reacted with several mycobacterial species but did not react with SOD

form Escherichia coli, Pseudomonas aeruginosa, Achromobacter xylos-
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~oxidans and Acinetobacter anitratus (45). In contrast te Cu,Zn-S0D, the

antigenic determinants of Fe- or Mn-S0D are apparently highly specific
for the enzyme in each organism. Thus, unfortunately, I could not
employ the Fe-SOD antibody for the identification of the cyanide-
insensitive Fe— or Mn-SOD although a high degree of homology of amino
acid sequences has been found between Mn—~ and Fe—~SOD and between the Mn-

enzymes from bacteria and mammalian mitochondria (10,11).

Photosynthetic Bacteria (Bacteriophyta)

Superoxide dismutases in extracts from photosynthetic bacteria
including purple nonsulfur, purple sulfur, and green sulfur bacteria
show the same response to both inhibitors as do those of algae (Table
IV, Figs. 3K and L and 5), indicating the occurrence of only cyanide-
insensitive SOD and the absence of Cu,Zn-SOD. Antibodies against

Plectonema Fe—SOD and Mycobacterium Fe- or Mn—SOD neither inhibited nor

formed a complex with the SOD of photosynthetic bacteria (Fig. 3L). The
occurrence of cyanide-insensitive SOD in green sulfur and purple
‘nonsulfur bacteria has alsoc been reported by Hewitt and Morris (16) and
Lumsden et al.(17).

~-- Sulfur bacteria-for the assay:of -the-enzymes were cultured anaero-
bically under photoautotrophic conditions using sulfide and thiosulfate
as electron donmors. The contents of SOD in anaerobic photosynthetic
bacteria were similar to .those in blue-green algae other than Spirulina
on the basis of soluble protein. The occurrence of SO0D in other
anaerobes including sulfate-reducing bacteria, Clostridium (16), and
anaerobic protozeoca (13) has been also reported.

Purification of SOD form Chromatium by me recently (Chapter VIII)

has indicated that Chromatium SOD is the Fe-enzyme. Chromatium cells
contain a single superoxide dismutase with properties similar te those

of the enzymes from blue-green algae (14,17,18) and Escherichia coi

(43): absorption .spectra, amino acid compositions, rates of dismutation
of 05, and sensitivity to H,0, (Chapter VIII). On the contrary, SOD in

a purple nonsulfur bacterium, Rhodopseudomonas spheroides, is the Mn-

enzyme (17).
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Catalase and Peroxidases

It has been supposed that catalase and peroxidase work as scaven—
gers of hydrogen peroxide formed by the dismutation of OE and by the
divalent reduction of molecular oxygen by several oxidases. In addition
to SOD, these hydrogen peroxide scavengers in photosynthetic organisms
may play a role in defense against light-oxygen toxieity. Levels of
catalase and peroxidases showed larger variations between species than
those of SOD (data not shown). Catalase was detected in all land plants

tested, but some algae (Ulva pertusa, Euglena gracilis, Sargassum

tortile and Gratelouoia filiecina) were devoid of catalase. Absence of

catalase in Euglena was reported previously (46). Those organisms
lacking catalase probably scavenged hydrogen peroxide by peroxidases. A

brown alga, Sargassum tortile, does mot contain catalase or peroxidase,

but this does not exclude the possible identification of peroxidases
when other electron donors, such as ascorbic acid, glutathione, cyto—

chrome c, or NADPH, are used.
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4. DISCUSSION

This survey of superoxide dismutases in photosynthetic organisms
covering photosynthetic bacteria, prokaryotic and eukaryotic algae,
ferns, mosses, and seed plants indicates the ubiquitous occurrence of
the enzyme. Even when the organism lacks catalase.or peroxidase, SOD is
.contained without exception. .Although the level of 80D varied with the
species and the growth conditions (Tablel III), the enzyme was found in
the range of 5 to 50 units/mg of soluble protein, with a few exceptions
(Tables I, II, and IV). Thus SOD accounts for approximately‘0.1 to 2%
of the soluble protein, depending on the form of the enzyme. Despite
various methods of extraction of the enzyme from organisms grown under
different conditiohs, the comparatively’narrow variation of the enzyme
level over a wide range of organisms suggests an essential and important
role of SOD as a defense mechanism against light-oxygen toxicity. The
physiological functions.of SOD in anaerobic organisms provide interest—
ing problems to be solved, ‘ |
' Among the three forms of SOD differentiable with respect to the
metal ion, only Cu,Zn-S0D is sensitive to cyanide. This property is
considered- to-stem from the inner (Cu,Zn-SOD) and outer sphere (Mn- and
Fe~S0D) mechanisms of dismutation of 05 (47) and allows a distinction to
be made between the forms of SOD. In.addition to cyanide, the antibody
against spinach Cu,Zn-S50D was also employed to characterize SOD. The
spinach Cu,Zn-S0D antibody inhibited, more or less, the enzymatic
activity in‘land plant extracts, and a high level of iphibition was
observed whenever the inhibition due to cyanide was.high. Thus the land
plants' Cu,Zn-SOD have .some antigen in common, but GCu,Zn-SOD from bovine
erythrocytes did not interact with the spinach enzyme antibody. I also
prepared antibody against Fe-SOD from Plectonema and tested its reac—
tivity. 1In contrast to the Cu,Zn-enzyme's antibody, the Plectonema
antibody inrhibited only the Plectonema enzyme and did not interact with
enzymes in other algae and photosynthetic bacteria. A similar narrow
Teactivity was also-observed for antibodies against Mn- and Fe-SOD from

Mycobacterium (45), and, in fact, the Mycobacterium antibodies did not

inhibit the Plectonema and Chromatium Fe—-SOD.




Characterization of SOD according to the above criteria clearly
indicates that photosynthetic bacteria, prokaryotic algae, and eu-
karyotic algae lack Cu,Zn-S0D and contain only .the c¢yanide-insensitive
and the spinach Cu,Zn-enzyme antibody—~insensitive S0D. .In photosynthe-
tic bacteria and blue-green algae cyanide—~insensitive S0D has been
isolated and characterized as Mn— or Fe—SOD (14,17,18).

The Cu,Zn—-S0D appears in the most primitive land plants, ferns and
mosses, and extends to higher seed plants. In these plants, in
addition to Cu,Zn-S0D, cyanide—insensitive SOD is present in soluble
form.

Although an aerial green algae (Trentephohlia aurea) lacks Cu,Zn-

SOD, the aquatic fern (Azolla imbricata) and angiosperms (Halophila

ovalis and Lemna perpusilla) contain Cu,Zn-SOD in addition of the

cyanide—-insensitive enzyme. Thus, I may say that the distribution of
Cu,Zn-S0D does not reflect the habitat of the orgaisms but rather their
phylogenetic position..

In Fig. 6 the forms of SOD, the evolution of phétosynthetic
_organisms, and the accumulation of oxygen in the atmosphere are schema-
tically illustrated. Although I do not.yet know. when photosynthetic
-bacteria appeared on-the earth, it has -been assumed that photosynthetic
bacteria appeared before blue—green algae because photosynthetic
bacteria are not able to utilize water as an electron donor for photo-
synthesis. From paleontological studies on microfossils (48), it has
been deduced that blue-green algae appeared about 3 x 109 years agao.
The geological record indicates the appearance of the first land plants
in the late Silurian age, 4.2 x 108 years ago (1). -According to Berkner
and Marshall (1), during this age the oxygen level in the atmosphere was
about 107 of that at present, This level of oxygen formed an ozone
layer which caused filtration of lethal ultraviclet light and allowed
the organisms to go ashore.

The present results show that those photosynthetic organisms which
appeared up to the later Silurian age do not contain Cu,Zn-50D and have
only é§anide-insensitive Fe— and Mn-SO0D. The Cu,Zn-S0D is thought to
have been acquired first by ferns or mosses, the land plants appearing

in the late Silurian age. The plants evolving after that all contain
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Cu,Zn—S0D in addition to cyanide-insensitive SOD. From the present
results it may be reascnable to assume that SOD of photosynthetic
bacteria is an ancestral protein of Fe- and Mn-S0D and that Cu,Zn—SOD of
seed plants have evolved from Cu,Zn-50D of the first land plants, ferns
or mosses. Amino acid sequence analyses of SOD in photosynthetic
organisms at different evolutionary levels may provide useful informa-
tion about their phylogenetic positions. Further, sequence studies of
chloroplﬁst SOD would give us information on the origin qf chloroplasts.
A high degree of homology of the amino acid sequences of Fe— and Mn—SO0D
from bacteria and mitochondria has been shown (10,11). ‘

In addition to eukaryotic algae, several eukaryotes including
protozoa (13) and a mushroom, Pleurotus (12), lack Cu,Zn-S0D. I

confirmed the absence of Cu,Zn—-SOD in a protozoa, Crithidia fasciculata.

In contrast, yeast and Neurospora contain Cu,Zn-SOD (8). Therefore, the
division Eumycota may be divided into two groups with respect to the
form of SOD. It should be menticned here that Yamanaka and Okunuki have
suggested that algae appeared earlier than yeast andzNeurospora on the
earth; this is based on the reactivity of the respective cytochromes c
with cytochrome oxidases (49). Further surveys of the form of 80D in
~other-organisms will test the working hypothesis that the acquisition of
Cu,Zn—-S0D reflect the time of appearance of the oganisms on the earth,
Osterberg (1) and Egami (51) have suggested that, before oxygen had
accumulated in the atmosphere by photosynthetic activity, copper
occurred in the form of extremely insoluble Cu(Il)-sulfides becéuse of a
low environmental redox potential and was mot available to organisms,
although iron occurred in an available form. For anaerobic photosynthe-
tic organisms the absence of Cu,Zn-SOD is inferred from the unavaila-
bility of copper, but this explanation cannot hold for prokaryotic and
eukaryotié algae since both contain a copper protein; plastocyanin. At
present I can only speculate as to why land plants require a new form of
SOD with a different metal and a different amino acid sequence. An
increage in the oxygen concentration in the atmosphere is probably omne
reason, though little difference in the enzymatic dismutation rate of OE
has been found between the three forms of SOD except at high pH where Mn-
and Fe-SOD have a lower dismutation rate than Cu,Zn-=SOD (53). Further
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characterization, including sequence analysis, of .the three forms of SOD
and an understanding of the physiological functions of SOD in anaerobes

will provide a clue in solving the above questions.

5. SUMMARY

Superoxide dismutases (SOD) in photosynthetic organisms at dif-
ferent evolutionary levels were characterized using the criterion that
Cu,Zn-S0D is sensitive to cyanide while Mn— and Fe—SdD are insensitive.
The effect of the antibody against spinach Cu,Zn-SO0D was also tested as
a means of distinguishing the several forms .of the enzyme. 8SO0D activity
in extracts from photosynthetic bacteria; prokaryotic algae (blue-green
algae), and eukaryotic algae (red, green, and brown algae, diatoms,
Euglena, and Charophyta) were insemsitive to cyanide and to the anti-
body,.suggesting the presence of Fe- and/or Mn—SOD and the absence of
Cu,Zn-50D. In contrast, ferns, mosses, and seed ﬁiants including
gymnosperms and angiosperms contained Cu,Zn-SO0D in addition to the
cyanide-insensitive SOD. Although an aerial green alga lacks Cu,Zn-SOD,
aquatic angiosperms and ferns, like other land plants, contain this form
of 30D. Thus the distribution of Cu,Zn-SOD does not reflect the habitat
but, rather, the phylogeny of the organism. The relation between the
oxygen concentration in the atﬁosphere and the appearance of various
forms of SOD during the evolution of photosynthetic organisms is

discussed.
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CHAPTER III

ALGAL Cu,Zn—SUPEROXIDE DISMUTASE: ISOLATION AND CHARACTERIZATION OF THE
ENZYME FROM THE GREEN ALGA SPIROGCYRA SP.

1. INTRODUCTION

The three types of superoxide dismutase (SOD) show the chatracte-
ristic distribution among organisms at different stages of evolution
(Chapter I1). Thus, Mn—-SOD occurs in prokaryotes and eukaryotes, while
Fe-S0D in prokaryotes, eukarytotic algae, and protozoa. ~Cu, Zn—-50D has
been found in animals, fungi and land plants. Prokaryetes lack Cu,Zn-

S0D, but it has been shown that two bacteria, Photobacterium leiog-

nathi(1,2), and Caulcobacter crescentus (3) contain Cu,Zn-SOD. Most

eukaryotic algae also lack Cu,Zn-S0D (Chapter II), but Henry and Hall (4)
reported the occurrence of cyanide-sensitive Cu,Zn-50D in some green
.algae, i.e. Charales and Conjugales, whose cell division is a phragmo-
plast .type..and contain glycolate oxidase. No cyanide—sensitive 80D is
detected in other green algae whose cell division is phycoplast type and

contain glycolate dehydrogenase. Amino acid sequence of Photobacterim

Cu,Zn-SOD has a homology with those of eukaryotic Cu,Zn-SOD (5-7).
However, the characterization of cyanide-sensitive SOD in green algae
has not been done.

The algal cyanide~sensitive SOD is supposed to be an ancestor of
Cu,Zn-S0D in land plant and I purified it from a Conjugales, Spirogyra
sp. (pond scum). In this chapter, the purification and properties of

Spirogyra SOD are described.

2. MATERIALS AND METHODS

Cytochrome ¢ (horse heart, type III) and xanthine oxidase (milk)

were obtained from Sigma and Boehringer, respectively. Spirogyra sp.
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was collected in a pond of the university campus, The cells were
thoroughly washed with tap water, then with distilled water, and stored
at -20°C until used. Microscopic observation confirmed the samples
being free from other algae.

Spinach Cu,Zn-S0D was purified from the leaves as described in
Chapter V. Spinach contains two Cu,Zn-SOD isozymes and, the purified
enzyme was the stromal one {(Chapter V). Cu,Zn-SQOD from the fern

Equisetum arvense (horse tail) was purified to a homogeneous state

(chapter VII). Antibodies against spinach and Equisetum SOD were
prepared by immunization of rabbits as described previously (Chapter
II). 4
80D was assayed by the xanthine—xanthine oxidase-cytochrome c
system as described in Chapater II, which is a modification of the
method of McCord and Fridovich (8). The assay system gives a threefold
activity unit since the reaction volume is reduced to one third of the
original method. Enzymatic activity is shown in the McCord and Frido-
vich unit (8). :
Native and SDS-polyacrylamide gel electrophoresis (PAGE), location
‘ of SOD activity on the gel, determination of the molecular weight and
f~- ——subunit melecular weight, -metal-analysis, and Ouchterlony double
: immunodiffusion were done as in éhe'previous papers (9-12). Protein was
determined by the Lowry method using bovine serum albumin as a standard
(13). Protein on the gel was stained using a silver staining kit

obtained from Daiich Pure Chemicals Co., LTD., Tokyo, Japan.

3. RESULTS

50D isozymes in Spirogyra extract

Separation of the cell extract of Spirogyra by native PAGE and the
location of S0D activity on the gel showed the threé major cyanide-
sensitive bands and one minor cyanide-insensitive band. ‘Occurrence of
cyaniﬁe—sensitive SOD ‘in Spirogyra is in agreement with the result of

E Henry and Hall(4). I conducted purification of the eyanide-semsitive
SOD.

35



Purification of Spirogyra enzyme

Spirogyra (20 g in fresh weight)} was homogenized using an electric
mortar in 100 ml of 50 mM potassium phosphate, pH 7.8, containing 0.5 mM
EDTA with sea sand for 1 hour. After the addition of Triton X-100 to
the homogenate to 0.1% (V/V), the homogenate was sonicated for 5 min and
was clarified by centrifugation at 39,000 g for 20 min. Ammonium
sulfate was added to the supernatant to 307 saturation, and after
removal of the precipitate by centrifugation, ammonium sulfate was added
to the supernatant to 90% saturation., The precipitate collected by
centrifugation at 18,000 g for 20 min was dissoclved in and dialyzed
against 10 mM §otassium phosphate, pH 7.8, containing 0.1 mM EDTA.

The dialyzed enzyme was clarified by centrifugation and applied to
a column of DEAE-Sephacel (1.3 x 3.5 cm) equilibrated with 10 mM
potassium phosphate, pH 7.8, containing 0.1 mM EDTA. The column was
washed with the same buffer. The adsorbed enzyme was eluted by a linear
gradient of KCl1 (0 to 400 mM, 200 ml) in 10 mM potassium phosphéte, pH
7.8, containing 0.1 mM EDTA. The active fractions were concentrated
through an Amicon PM 10 membrane and charged to a column of Sephadex G-
100 (2 x 85 cm) equilibrated with 10 mM potassium phosphate, pH 7.8,
containing 0.1 M KCL. 8SO0D was eluted with the same buffer as a single
peak. The enzyme was concentrated through the mémbrane filter and

dialyzed against 10 mM potassium phosphate, pH 7.8.

Table I
Summary of the purification of S0D from Spirogyra sp. (20 g)

Total a Total B) Specific
Purification protein ' activity ' activity Yield Purification
step {mg) {units) (units/mg protein) (%) {=£old}
Extract 75 869 12 100 1
-90% 2 7
30-90 (NH4J2504 2 79 36 92 3
DEAE-Sephacel 2.1 692 330 . 80 28

Sephadex G~100 0.96 445 464 51 39

a) Protein was measured by the method of Lowry et al. (13).
) McCord and Fridovich unic (B).

36



L de 4] e > i e " \ e F
puriricacio ] ) ) J PUrll
r =P - STA

30D 5;;:”“,“"7 thr | 1ds wlith wvery lose Nacin ative—

. SRS i e = rh 0
1N Dands Ccorr ] F t 1ty

wlth very

ALY e e i
AL OL SD 1
for protein staini A), and 5

p, cathode; bottom, anode

Fig
denatured witk o4 )S at ¢} o) 3 min
1

rried out using | 1 slab (1 mm in thick)

staining method

2.000 by
column y 1 G=100 :r,«.ffbn;t” 1brate il H’Ul mM
nH and .1 M KC] and calibrated with bovine
3

Lpbumin e T nog Ay anada cycocnrome




Subunit molecular weight of the enzyme was determined by SDS-PAGE.
The enzyme was denatured with 47 SDS in the presence or absence of 47 2-
mercaptoethanol at 100°C for 3 min. The electrophoresis showed a single
band corresponding to a molecular weight of 16,500 with faint bands in
higher molecular weight region in the absence of mercaptoethanol (Fig.
2). Thus, Spirogyra enzyme is a homodimer having a molecular weight of
32,000, and the subunits are not covalently linked.

Activity staining of native-PAGE showed that all three bands
disappeared by treatment with cyanide, suggesting that the purified
enzyme was Cu,Zn~50D (data not shown). This was furéhefsupﬁortedby
metal analysis. Cu and Zn were detected in .the purified enzyme, but.
neither Fe or Mn. If we assume that the molecular weights of the three
isozymes are equal to 32,000, the metal contents was 0.17 atom Cu and
0.81 atom Zn per molecule of the enzyme.

A low specific activity of the purified enzyme (Table 1) was
probably due to a low content of Cu. Thus, the specific activity of the
Spirogyra enzyme on the basis of Cu content (2735 units/g atom Cu) was
comparable with those of angiosperm Cu,Zn—-SO0D. '

Absorption spectrum of the enzyme (0.147 mg/ml) was recorded using

a Shimadzu MPS-=2000 spectrophotometer. In ultraviolet region, the

Table II

Effects of inhibitors or treatment on Spirogyra Cu,Zn-5S0D

Compound or Inhibiticn or
treatment inactivation (%)
1l mM Potassium cyanide 97
10 mi Sodium azide 54
a)

1 mM H202 85

o Heating (70°c, 30 min)®! 55
Heating (80°C, 30 mim)® 92

a) The enzyme was incubated in & cuvett with 1 w H,0, in 200 pl of 10
mM potassium phosphate, pH 7.8, containing 0.1 mM EDTA for 30 min. The
assay mixture and 100 units of catalase was added and the remaining
activity was determined. .

b) The enzyme in a sealed tube was incubated at indicated temperatures.
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spectrum showed an absorption peak around 260 nm but no peak around 280
nm, which are characteristic of Tyr and Trp—lacked Cu,Zn-SOD. Although
fine structure was not observed, the absorption around 260 nm might be
responsible to the Phe residues. Absorption peak around at 680 nm due
to Cu—chromophore of Cu,Zn-30D could not be detected because of its low
concentration.

Table IT shows the effects of several compounds or treatments on
the activity of the purified Spirogyra SOD. The Spirogyra enzyme was
inhibited by cyanide and azide, and inactivated by hydrogen peroxide.
Heating of the enzyme at 70°C resulted in 45% inactivation, but at 80°C
most activity was lost. These properties were similar to Cu,Zn-SOD Erom
other organisms (14).

The Spirogyra enzyme was cross—reacted with both anti-Equisetum and
anti-spinach Cu,Zn—80D sera in Ouchterlony double immunodiffusion (Fig.
3). The results indicate that common antigenic determinant{s) is

conserved in the Cu,Zn-SOD form green algae to angiosperms.

Fig. 3 Cuchterlony double immunodiffusion of Spirogyra Cu,Zn-SOD
with anti-Equisetum and anti-spinach Cu,Zn-SOD sera. 1, Anti-spinach
SOD serum (390 pg); 2, anti-Equisetum SOD serum (195 pg); 3, Spirogyra
Cu,2n-S0D (2 pg). Each well concained 15 ul of serum or enzyme.

Diffusion was conducted at 37°C for 12 hours.
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4, DISCUSSION

Cu,Zn-S0D from the eukaryotic green alga Spirogyra resembled those
from animals, fungi and plants in respect of molecular properties such
as molecular weight, subunit structure, and absorption spectrum. The
enzyme was also immunologically similar to Cu,Zn—-SOD from fern and
angiosperms. Thus, a green algal Cu,Zn-S0D seems to be an dncestor of
Cu,Zn~30D of ferns, mosses and seed plants, since Cu,Zn-S0D distibutes
phylogenetically among those organisms at different levels of evolution
(Chapter II). |

Green algae whose cell division is a phragmoplast type contain the
Cu,Zn-50D, while those whose cell division is a phycoplast type lack
Cu,Zn—-S0D (4). This distribution of Cu,Zn-SOD overlaps that of glyco-
late-oxidizing enzymes: the formers contain glycolate oxidase and the
laters gycolate dehydrogenase. Glycolate oxidase and the phragmoplast
type of cell division are characteristic to land plants. Thus, the
present results support the belief that among eukarybtic algae, phragmo-
. plast green algae directly related to land plants in the course of evolu=
tion.

©* ‘The problem remained unclear is that which 80D is closer to
ancestral protein of Cu,Zn-80D, bacterial (1,3) or eukaryotic algal
enzyme, If we accept the order of the evolution of organisms, the
oldest enzyme would be the bacterial enzymes. However, the limited

occurrecne of this enzyme in only two bacteria, i.e. Photobacterium (1)

and Caurobacter (3) suggests that this is not the case. Therefore, it
may be more probable that phragmoplast green algae acquired the Cu,Zn-
SOD during the course of evolution, and then this type of enzyme has

been succeded by organisms which have appeared after eukaryotic algae.

Comparison of Cu,Zn—SOD sequences of Photobacterium and its host fish

has suggested a gene transfer from eukaryote to prokaryote (5-7).
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5. SUMMARY

The extract of Spirogyra sp. (pond scum) showed cyanide-sensitive
and insensitive superoxide dismutase (SOD) on polyacrylamide gel
electrophoresis. Cyanide-sensitive SOD was purified to.a mixture of the
three isozymes which contained no other protein. It contained Cu and Zn
but neither Fe nor Mn, and its molecular weight was determined to be
32,000 by gel filtration. SDS-polyacrylamide gel electrophoresis
revealed that it was a homodimer. Absorption spectra showed no peak
around 280 nm, indicating the absence of tyrosine and ﬁryptophan
residues. Thus, the Spirogyra S0D resembled thosé of land plant Cu,Zn-
S0D. The Spirogyra enzyme cross-reacted with anti-Equisetum and anti-
spinach Cu,Zn-SOD sera, indicating the presence of common antigenic
determinant between Spirogyra Cu,Zn-SOD, and angiosperm.and fern Cu,Zn-

sS0D.
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CHAFTER IV

UBIQUITOUS DISTRIBUTION OF Cu,Zn~SUPEROXIDE DISMUTASE IN FUNGI AND
MARINE INVERTEBRATES

1. INTRODUCTION

In Chapter IT and III, I have systematically surveyed the distribu-
tion of the three forms of superoxide dismutase (SOD) émong photosynthe-
tic organisms including photosynthetic bacteria, prokaryotic and
eukaryotic algae, mosses, ferns and seed plants, and have found that
most of eukaryotic algae lack Cu,Zn-80D. Cu,Zn-SO0D is found in only
land plants and some phragmoplast algae. Thus, photosynthetic eu-
karyotes can be divided into two groups by the presence or absence of
Cu,Zn-S0D. In this respect, it is interesting to know whether fungi and
animals contain Cu,Zn-S0D. E

1

Cu,Zn-50D in fungi has been isolated from Saccharomyces cerevisiae

(1,2), Fusarium oxysporum (3), and Neurospora crassa (4) and Mn-S0D has

been purified from a_lumingsggpt-fungus, Pleutotus olearius (5), and

from mitochondria of yeast (6). P. oleraius lacks Cu,Zn—-S0D (5).

, In animals, although Cu,Zn—-SOD from vertebrates have been exten-—
sively characterized (7), only a few survey have been dome on inverte-
brates. The enzyme activity has been detected in sipunclulids (8), sea
anemone (9) and cuttlefish (10). Cu,Zn—-SOD has been isolated from fruit
fily (11). I have shown that protozoa is devoid of Cu,Zn-SOD (Chapter
11). '

In order to clarify the correlation between the type of superoxide
dismutase and the phylogeny of organisms, the systematic survey for the
enzyme has been extended to fungi and animals. Based on the present
results obtained in 57 species of fungi and 24 species of marine _
invertebrates and other available data, the phylogenetic distribution of

the three types of superoxide dismutase is presented.
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2. MATERIALS AND METHODS

The strains of slime molds, Dictyostelium discoideum and D.

mucorcides were given by Dr. Y. Maeda, Kyoto University. Cells were

grown in 0.067 NaCl with Escherichia coli cultured previously in the

peptone-sucrose medium by the method of Maeda (12). After 2 days of
culture at 21°C slime molds were separated from E. coli by washing with
0.06Z NaCl followed by centrifugation. Mastigomycotinous fungi were
obtained from Dr. K. Takimoto and cultured in the yeast-starch medium of
Emerson (13). The strains of Zygomycotina, Ascomycotiﬁa and Deutero-
mycotina (fungi), and.of Ascomycotina and Deuteromycotina (yeasts) were
provided by Drs. K. Soda and T. Kido, Kyoto University. They were grown
in the 107 malt medium at 30°C with shaking for 1 or 2 days. Several
strains were cultured for 5 days. Fruit bodies of Ascomycotina (Aleuria
aurantia) and Basidiomycotina were collected from fields in Kyoto and
Shiga or obtained. from a local .market, and kindly identified by Dr. K.
Yokoyama, Shiga University, Marine invertebrates i&pluding Porifera,

. Colelenterata, Mollusca, Echinodermata and Arthropoda were obtained from
the Seto Marine Biological Laboratory, Kyoto University, .or collected

--near the laboratory and kindly identified by Dr. T. Araga, Kyoto

University. The materials were stored at —20°C until use.

About 5-10 g of the materials were homogenized for 10-30 min in a
mechanical mortar with 50-100 ml of 50 mM potassium phosphate, pH 7.8,
containing 0;5 mM EDTA and sea sand. Yeast cells were homogenized with
aluminum oxide for 2 hours. The homogenate was centrifuged at 39,000 g
for 30 min and the supernatant was dialyzed against 10 mM potassium
phosphate, pH 7.8, containing 0.1\mﬁ,EDTA 48 hours. After clarified by
centrifugation, the dialyzed solution was used for the assay of SOD and
protein. The extracts of fungal fruit bodies were concentrated by
adding ammonium sulfate to make 807 saturation and the precipitate

dissolved in the buffer was used.

50D was assayed by the inhibition of cytochrome c reduction by 02

generated with the xanthine-xanthine oxidase system as described in
Chapter II. Because the extracts from Basidiomycotina interfered with

the assay in the cytochrome c-xanthine oxidase system, the enzyme
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activity was determined by the inhibition of the formation of formazane

2
xanthine-xanthine oxidase system. The reaction mixture contained, in a

total volume of 1 ml, 50 mM potassium phosphate, pH 7.8, 0.1 mM EDTA,
0.2 mM nitroblue tetrazolium, 0.03% Triton ¥X~100, 0.1 mM xanthine and

due to the reduction of nitroblue tetrazolium by O, generated with the

xanthine oxidase which gave an increase in absorbance at 560 nm at
0.02/min. The addition of Triton X~100 gave a linear absorbance change
with time and diminished a lag period due to its stabilization effect on
the insoluble formazane formed.

The enzymatic unit of S$0D was defined previously (Chapter‘II) and
is presented in the McCord-Fridovich unit. The enzymatic units obtained
in the NBT-xanthine oxidase system are also shown in the McCord-Frido-
vich unit using a factor determined with the purified enzyme. The
occurrence of Cu,Zn—-30D was confirmed by its inhibition with 1 mM
cyanide. The effect of cyanide and immunoglobulin on the enzyme
activity was determined as described in Chapter IX. Polyacrylamide gel
disc electrophoresis, the location of enzyme active‘band, and the
. determination of protein were carried out as before (14~17).

Antiserum against Cu,Zn-SO0D (stromal enzyme) from spinach (18) was
prepared previously (19). Xanthine oxidase from milk and cytochrome ¢
from horse heart (Tyée ITI) were obtained from Boehringer and Sigma,

respectively,

3. RESULTS

Myxomycota (slime molds)

The SOD activity in two organisms tested were inhibited by 30-70%
in the presence of cyanide, indicating the presence of both cyanide-
sensitive Cu,Zn-SO0D and cyanide-insensitive Fe—land/or Mn~S0D (Table
I-1). The gel disc electrophoresis of the extracts showed several
activity bands and one of which was cyanide-sensitive. These observa-
tions suggest that slime ﬁold contains Cu,Zn-S0D in addition to the

cyanide-insensitive enzyme.
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Table I-1

Activities of superoxide dismutases and their

cyanide sensitivities in extracts of fungi

X Superoxida dismutasa

Specias Activity
(units/mg

af protaein)

Cyanide~-

sensitive

acrtivity
(%)

Myxomycota (siima molds)
Acrasiomycetaes .
Diccyosteliaceae
Dotyostelium discoidaum
Diotyoetalium mucorotidas~

Eumycota..
Mastigomycotina
Qomycetes
Paronosporales
Pythiaceae
Phytophthora capsici™ 11
Pythiuwm debaryarum 10
Pythium sp. CCR-76 34

Zygomycaotina
Zygomycetas
Mucorxales
Mucoraceae
Absidia lichteimi
C e n Absidia orchidis
Mugor javanicus
Mucor racemogus*

= U N B &

Rhizopus oryzae

43
7

77
40
78

.34
100
49
66
82

Asterisk indicates the sample used for

crogs-reaction.

Mastigomycotina (molds)

immunological

Mastigomycotina is considered to be the oldest fungi and suggested

to have derived from algae in the course of

evolutoin. Since most of

algae lack Cu,Zn-SOD and contain only the cyanide-insensitive SOD, it

was very interesting to know whether Mastigomycotina contain Cu,Zn-S0D.

These organisms had both the Cu,Zn-and the cyanide-insensitive enzymes

on the basis of the inhibition by cyanide (Table I-1).
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Zygomycotina (molds)

No SOD has been isolated from Zygomycotina. Present survey
indicates that this group also possesses both Cu,Zn- and the cyanide-
insensitive SOD except Absidia orchidis which contained only the cyanide-
sensitive Cu,Zn-S0D (Table I-1).

Table I-2 (continued)

CN-gensitive

Species ' Activity activity
Ascomycotina
Hemiagcomycetes
Endomycatales
Endomycetaceae
Endomyocas degipiens * 27 67
Saccharomycetaceae
Hansenula rwakii 4 a5
Lipomyoces starkeyi 17 49
Phichia rhodanensie 6 4’
Saccharomycaa ceravigiaa 2 86
Saacharomyjces saka 5 74
Schizosacchavomyces . pombe 2 52
e e Sehuwanniomyces coaidantalis 3 15
T Kiuyveromycea polysporua 22 79
Pyrenomycetas
Sphaeriales
Sordariaceas
Reurospora crassa * 14 54
Newrospora sitophila 10 45
Hypocreacaae ’
Gibberélla fujikuroi 23 a5
Plectomycetea
Eurotiales
Eurotiaceas
Monaaoue anka b 30
Discomycetes
Pezizalaes
Humariacesae
- Alsuria aurantia 1 87
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Ascomycotina (molds, yeasts and mushrooms)

Cu,Zn-S0D from Neurospora crassa and from Saccharomyces cerevisiae

have been purified and well characterized (1,2,4). Mn-80D has been
isolated from the mitochondria of yeast (6). The SOD activity and its
cyanide—sensitivity in Ascomycotina are shown in Table I-2. The enzyme
activity fell in a range of 1-27 units/mg protein and was inhibited by
15=877% varying from species to species. Thus, Ascomycotina contains

both the Cu,Zn- and cyanide-insensitive SOD.

Tahle I=-3 (continued}

N-sensitive

Species Activlicy " activity
Basidiomycotina
Hymanomycetes
Agaricales
Tricholomataceas
Flammulina valutipas 5. 32
Lacecaria laccata . 5 78
Lacearia laocata var. prozima* 6 86
Lyophyllum daaastes 4 G“l
Tricholoma matsutake * 9 46
Hygrophoraceae .
Camarophyllus prateusis 1 50
Cortinariacaae
Covtinarius pupurascaus 4 63
Rositaa caperata 11 a2
Coprinaceas
Peathyreila velutina 2 32
Rhodophyllacsas
Rhodophyllus sinuatus 8 55
Russulaceae
Lactarius chyaorrhaua 4 26
Russula emetica 2 51
Russula sanguinea 9 40
aphyllophorales
Folyporaceae
Coriolus versicclor* 3 60
Ganodsrma Tuoidum 1 51
Gasteromycates
Lycoperdales
Calostomataceaa
Caloatoma Jjaponioum 18 53

a) Assayed In NBT-xanthina oxidase syatem.
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Basidiomycotina (mushrooms)

Mn-S0D, which was a tetramer and contained 1 g-atom of Mn/mol of
enzyme, has been isolated from a luminescent mushroom, Pleurotus
olearius by Lavelle et al. (5)}). They detected only the Mn—enzyme in
this organism. Table I-3, however, shows the ubiquitous distribution of
Cu,Zn~80D in addition to the cyanide-insensitive enzyme among Basidio=-

mycotina.

- Table I-4 (continued)

CN-sensitive

Species Rotivity activity
Dauteromycotina
Blaatomycstes
Cryptococcales
Cryptococcaceae
Cryptocoeaus neoformans 3 53
Klogokara magna 4 82
Torulopaia candida 5 27
Torulopsis collioulosa 1 55
TIricosporon sutangum* 3 74
Bhodotorula flava 18 kl:|
Rhodotorula rubra 14 27
Sporobolonydev::ales_
Sporoholomycetaceae
Sporobolomyosa coprophiius 9 28
Hyphamycetes
Hyphomycetalaes
Aspergillus orysas * 5 53
Gliooladium dsliquescens 1 46
Pantotllium ohryacgenum 3 50
Penieillium mdrum 2 30
Triahophyton mantagn;phytea 3 41
Triakophytom tonsurana
var, aulfureum 2 ”
Vertioilliun albo-atrun 2 29
Stilballales
Stilhallaceae
Iparia kogana ‘ 3 55
Tubarculariales
Tuberculariaceaa
Fusartum lini . 3 35
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Deuteromycotina (molds and yeasts)

The classification of Deuteromycotina is artificial rather than
phylogenetic, and these organisms essentially belong to Ascomycotina.
As expected from the results of Ascomycotina and Basidiomycotina,
Deuteromycotina contained both Cu,Zn-80D and the cyanide~insensitive

enzyme (Table I-4).

Table IIX
Activities of superoxide dismutases and their cyanide

sensitivites in extracts of marine invertebrates

Superoxide dismutase

Species Cyanide-
Activity sensitive
{units/mg activity
of protein) {%)
Porifera
Halichondria okadai 9 68
Spiragtrella insignis 28 1o0
Colelenterata .
Aleyonium gracillimm 2 56"
Anthopleura japonieca 5 87 .
Anthoplezaura dimorpha 2 n
Cladiella digitulata 4 ' 52
R - Dendronaphthya gigantea k| . 48
Dandrophyllia arbuscula a7 .- 83
Epinocanthus rameug 12 72
Ralocordyla disticha 21 45
Stereonaphthya japonica 4 15
Stereonephthya mibriflora 3 33
Mollusca
Aplyeia sp. 6 86
Preposteraa hyotis tmbricata 4 61
Spondylus barbatus | 10 62
Echinodermata
Anthooidaris crassispina 16 86
Astropaatan acoparium 4 81
Bhinometra mathasi 6 74
Holothuria lsucospilota 3 ae
Holothuria pervicaz 2 85
Tripneustes gratilla 7 60
N Arthropoda
Pollioipes mitella 10 40
Tetraclita aquamosa japonica 4 64
Pagurue sp. 1 30
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Porifera, Colelenterata, Mollusca, Echinodermata and Arthropoda (marine

invartebrates)

No SOD has been isolated from invertebrates except the Cu,Zn—S0D

from a fruit fly, Drosophila melanogaster (11), although Cu,Zn- and Mn-

SOD have been purified from many vertebrates (7). Table II indicates
that all marine invertebrates at different level of evolution including
Porifera, Colelenterata, Mollusca, Echinodermata ad Arthropoda contain
both the Cu,Zn- and cyanide-insensitive SOD. Although theé ratio of both
the enzymes varied from species to species, the Cu,Zn-enzyme was a major
form in marine invertebrates. Among invertebrates tested the cyanide—

insensitive SOD was not detected in a Porifera, Spirastrella insignis,

as in a mold, Absidia orchidia

Effects of anti-plant Cu,Zn-80D serum

Antiserum against spinach stromal Cu,Zn~80D cross—reacts with the
stromal Cu,Zn-enzymes from land plants including ferns, mosseg, and seed
plants (Chapter II), Antiserum against the Cu,Zn—enzyme did not neither
inhibit the enzymatic activity nor form precipitin in Ouchterlony double
immunodiffusion test with the extracts from fungi and invertebrates

‘__tested.(Table I and II).. These resutls’indicate that Cu,Zn-50D of fungi
and invertebrates are immunologically distinguished from the plant Cu,Zn-
SOD. It has been also shown.that bovine Cu,Zn-S0D is immunologically'

different from plant Cu,Zn-enzymes (Chapter II).
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4, DISCUSSION

S0D was found in all fungi and invertebrates tested. This adds
further evidence for its ubiquitous distribution in organisms to those
obtained previously in photosynthetic organisms covering photosynthetic
bacteria, blue-green algae, eukaryotic algae and land plants (dhapter
II). The enzyme contents in fungi and invertebrates centered within t-
30 units/mg of protein, which comprize 0.1-0.5% of soluble protein
assuming a specific_activity of Cu,Zn-S0D of 7,000-8,000 units/mg of
protein. A narrow variation of the enzynme level was also observed in
photosynthetic orgnisms (Chapter II). Exceptionally, among inverte-

brates tested, Dendrophyllia arbuscula had the prominent activity (Table

II). The ubiquitous occurrence and small variation of the SOD contents
in fungi and invertebrates support a proposed role of the enzyme as a
defense against oxygen toxicity (20).

All fungi and invertebrates contained Cu,Zn-S0D. The cyanide-
insensitive SOD was also found in most fungi and invertebrates, but not

detected in fungus, Absidia orchidis and a Porifera, Spirastrella

insignis (Table I-1 and II). Although SOD activity in the extracts from

Absidia orchidis and Spirastrella insignis were completely inhibited by

cyanide, it might be safe to say that these organisms contain a small
amount of the cyanide~insensitive enzyme, because the subcellular
distribution study have revealed that the cyanide-insensitive Mn-SOD is
ubiquitously localized in mitochondria matrix of eukaryotes (21), The
failure of the detection of the cyanide-insensitive SOD is probably due
to the incomplete extraction or unstability of the enzyme. It is well
known that Mn-SOD less stable than the Cu,Zn—enzyme.

In the present experiments, the cyanide—insensitive SOD has not
been characterized. Fe-S0D has not been isolated from fungi and animals
whereas Mn-SOD was purified from several fungi and animals (7). Under
these circumstances, it is reasonable to postulate that the cyanide-
insensitive SOD in fungi and invertebrates is the Mn-enzyme.

Lavelle et al. isolated Mn—SOD from a mushroom, Pleutotus olearius,

but did not detect any Cu,Zn-SOD in this organism (5). I tested the

cyanide-sensitivity of SOD in extracts from five organisms which belong

52



to the same family, Tricholomataceae. The enzymatic activity was
inhibited 32-867% by cyanide, indicating that these organisms contain
both the Cu,Zn-enzyme and the cyanide-insensitive enzyme (Table I-3).
It should be noted that the amount and type of Cu,Zn-SOD isozymes in
higher plants differs depending on their age and tissues (Chapter V and
vI).

In conclusion, ubiquitous distribution of Cu,Zn—80D among inverte-
brates and fungi (present results), and land plants (Chapter II)
indicates that the acquisitioﬂof Cu,Zn-S0D by ancestral organism might
have occurred prior to the divergence of animals, fungi and plénts
in the course of evolution.  Thus, evolutional distances of fruit
fly (23), veast (24,25), and spinach stromal (Chapter V) Cu,Zn-SOD based
on the amino acid sequences are similar degree. Therefore, phragmoplast

algal Cu,Zn-SOD (Chapter III)} might be their ancestral protein.

5. SUMMARY

Cu,Zn~S0D and cyanide-insensitive Fe/Mn—-SOD were systematically

- surveyed in 57 species of fungi including slime molds, molds, yeasts and
mushrooms, and 24 species of marine invertebrates covering Porifera,
Colelenterata, Mollusca, Echinodermata, and Arthropoda at the different
levels of evolution. Cyanide-sensitive Cu,Zn-~S0D activity was detected
in all fungi and invertebrates tested. Ubiquitous distribution of the
Cu,Zn—-S0D among invertebrates, fungi and land plants suggest that the
acquisition’of this enzyme by ancestral organism might have occurred
prior.to the divergence of animals,.fungi and plants in the

course of eveolution.
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-CHAPTER V

NH2-TERMINAL SEQUENCE OF CYTCSOLIC AND STROMAL Cu,Zn—SUPEROXIDE
DISMUTASE ISOZYMES FROM SPINACH

1. INTRODUCTION

Superoxide dismutase (SOD) which catalyzes the disproportionation
of the superoxidé anion radicals to molecular oxygen and hydrogen
peroxide constitutes a defense system against deleterious action of the
superoxide with catalase and peroxidase (1). In plant, the superoxide
radical is produced mainly in chloroplasts under illumination (2,3).
Since the production of superoxide in chloroplast is inevitable,
chloroplast possesses elaborate defense system against photooxidative
damage consisted of superoxide dismutase, ascorbate peroxidase, mono-
dehydroascorbate reductase, dehydreascorbate reductase and glutathione
reductase (4). Chloroplasts contain Cu,Zn-SOD.in stroma (5,6), and
- mitochondria also-.this type of SOD (7). However, it is not clear
whether chloroplast Cu,Zn~S0D is identical to mitochondrial Cu,Zn—SQD.

Isozymes of Cu,Zn—-S0D have been found in manyhigher'plaﬁts, and
purified and characterized from wheat (8) and maize (9,10). Beauchamp
and Fridovich indicated that two Cu,Zn-SOD isozymes from wheat are
different in respect of molecular weight, stability against heat and
sensitivity to hydrogen peroxide (8).. Their amino acid compositions
showed that they were neither charge variant nor the product due to
point mutation, Furthermore; Baum et al. showed that' antiserum against
one of the ‘isozymes in maize did not cross-react with another (10),
although the antiserum against Cu,Zn-SOD from spinach leaves cross-—
reacted with SOD in the extracts from plants covering angiosperms,
gymnosperms, ferns, and mosses (11). These observations suggested that
at léast two Cu,Zn-S0D isozymes occur in plants, and prompted me to
isolate Cu,Zn-S0D isozymes and characterize further from spinach in

which the Cu,Zn-SOD from leaf tissues have been isolated (5). I found
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three Cu,Zn~S50D isozymes in spinach seeeds, and two of them were
purified to a homogeneous state. One of them was the stromal Cu,Zn~SO0D
similar te the enzyme isolated from the leaves (5), but the other one
was distinguished immunologically and physicochemically from the stromal
Cu,Zn-S0D. The NHz—terminal sequence of two Cu,Zn-SOD are also dif-
ferent. Here, I describe the physicochemical and immunological proper=-

ties of Cu,Zn~S0D isozymes with Nﬁz—terminal sequence.

2. MATERTALS AND METHODS

Materials

Cytochrome E_(horse heart, type II1) and DFP-treated carboxypepti-
dase~A were obtained from Sigma, xanthine oxidase (bovine milk) from
Boehringer, and Percoll and standard .proteins for isoelectric point and
molecular welght were form Pharmacia. Ampholine was obtained from LKB,
EDAE Affi~Gel Blue and Chelex 100 from Bio-Rad, polyamide sheets from
Schleicher and Schuell, silica gel plates (G-60, without fluorescent
indicator, 0.25 mm) from Merck, N—ethyl morpholine from Pierce, 4-N,N-
dimethylaminoazobenzene—4'-isothiocyanate (DABITC) from Dojin and
phenylisothiocyanate (PITC) form Wako. Organic solvents for sequencing

were a sequencial grade or the highest grade available.

Plant

Spinach seeds (Spinacia oleracea L. cv. King of Denmark) were

obrained from Takii Seeds Co., LTD, Kyoto, Japan. Spinach was water-
cultured using the medium of Walker (12) in a glass house, or obtained
from a local market. Etiolated seedlings were obtained by a culture on

a moist varmuculite for a week under darkness.

Isolation of intact chloroplasts

Intact chloroplasts were isolated from three-week old spinach
leaves at 4°C. The leaves (30 g) were homogenized using a Polytron
blender for 2 sec at the setting of maximum power in 120 ml of the

medium containing 0.33 M D-sorbitol, 1 mM MgClz, 1 mM EDTA, 10 mM NaCl,
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0.2% BSA and 50 mM HEPES-NaOH, pH.7.6. The homogenate was filtered.
through four layers of gauze and centrifuged at 2,500 g for 70 sec. The
pellets were suspended in the isolation medium and centrifuged at 500 g
for 1 min to remove cell debris. The supernatant was further centri-
fuged at 1,700 g for 2 min, and the chloroplasts were resuspended in the
isolation medium. The chloroplasts (2 ml) were further purified in
Percoll by discontinuous gradient centrifugation at 7,700 g for 15 min
using Sorval S$8-34 rotor (9 ml of 85%Z, 9 ml of 657, 12 ml of 45%, and 9
ml of ZOZ.Percoll, each containing 0.33 M sorbitol, 1'mM Mgclz, 1 oM
EDTA, 1% BSA and 50 mM HEPES-NaQH, pH 7.6). After the centrifugatiom,
the intact chloroplast fraction at the interface between 657 and 85%
Percoll was collected, diluted 4-fold with the isolation medium omitting
BSA (washing medium), and sedimented at 1,700 g for 2 min. The pellet
was then resuspended in the washing medium and washed once by centri-
fugation. The intact chloroplasts thus obtained were free from mito—
chondria as judged from negligible cytochrome c oxidase activity. The
chloroplasts were ruptured osmotically by resuspending in 10 mM potas-
sium phosphate, pH 7.8, containing 0.1 mM EDTA for 1 hour. Stroma
fraction was obtained by centrifugation at 27,000 g for 30 min, dialyzed
“vagainst 10 mM potassium phosphate, pH 7.8, containing 0.1 mM EDTA,

concentrated by ultrafiltration using an Amicon YM 5 membrane.

Purification of "stromal" Cu,Zn-S0D from leaves

Cu,Zn-80D was purified from spinach leaves using acetone and
ammonium sulfate fractionations, DEAE-Sephadex chromatography and
Sephadex é—!OO gel filtration, and crystallized by ammonium sulfate (5).
I found that by omitting acetone ffactionation, the enzyme having higher
specific activity than the previous preparation (3100 units/mg protein)
-was obtained.. The outline -of purification for Cu,Zn-SOD. from spinach
leaves is as follows: Spinach leaves (10 kg) were homogenized with 50
mM potassium phosphate, pH 7.8, containing 0.5 mM EDTA using an electric
chopper. The leaf extract was obtained by centrifugation after squeez-
ing ﬁhe homogenate through 2 layers of gauze. The extract was fractio-
nated by ammonium sulfate between 45-807 saturation, The precipitate

formed at 457 saturation was removed by filtration through a filter
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paper with an aid of Hyflo Super—Cell and Whatman fibrous CF11 cellulose
powder, and the precipitate at 807 saturation was collected by centri-
fugation after removal of the supernatant by decantation.

The enzyme was further purified by the elution with 100 mM potas-—
sium phosphate, pH 7.8, on DEAE~Sephadex, and a linear gradient elution
of potassium phosphate (10 to 100 mM) on DEAE-Sephacel. After gel
filtration through Sephadex G~100, the enzyme was purified to homoge-
neity by passing through Bio—Gel HTP as described for SOD-I purifi-
cation. The purified enzyme had a specific activitv of about 8,000

units/mg protein.

Preparation of monospecific antibedies

Monospecific antibodies to purified SOD-I and ~II were raised in
white rabbits. Purified S0D-I and -II (1l mg each) in 1 ml of .10 mM
potassium phosphate, pH 7.8, were emulsified with 1 ml of complete
Freund's adjuvant and the emulsion was injected into multiple sites of
the back of rabbit. The injection (0.5~1 mg enzymes) was repeated three
times more at an interval of week. The rabbits were bled”a week after
the last injection, and monthly thereafter. BRooster injection was given
to rabbits which decreased in their specific antibody titer. IgG
fractions were obtained by passing through a column of DEAE Affi-Gel
Blue according to the manufacture's manual (Catalog No. 153-7307) after
ammonium sulfate precipitation at 507 saturation. The IgG fractions
were dialyzed against 10 mM potassium phosphate, pH 7.8, and 0.15 M
NaCl, and stcréd at -80°C. Ouchterloy double immunodiffusion was
conducted in a 1.5%7 agar plate containing 0.15 M NaCl, 20 mM.potassium
phosphate, pH 7.8, and 0.027 NaN3 at 37°C for 9-12 hours. Crossed-
immunoelectrophoresis using a polyacrylamide gel .slab in the first
direction and an agrose gel containing antibody in the second direction

was performed essentially by the method of Ludahl and Liljas (13).

80D assay and protein measurement

SOD was assayed by the procedure of McCord and Fridovich (14) with
a slight modification (15). One unit of SOD activity was defined as the

amount of enzyme required to inhibit the reduction of cytochrome c by
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50%. Since my reaction volume was 1 ml compared with 3 ml of the McCord
and Fridovich method, the activity is divided by three and presented by
the McCord-Fridovich unit. Protein was determined according to Lowry et

al. (16) using bovine serum albumin as a standard, but the purified
1%

at 258 nm.
1 cm

enzyme was by A

Electrophoresis and isoelectric focusing

Native polyacrylamide gel electrophoresis was performed by the
method of Davis (17) using a 1 mm—thick gel slab (9 cm x 13.5 cm) at 4°C
with a constant current of 25 mA per gel slab. The gel (7.5%)-was
polymerized by ammonium persulfate one day before use. Proteins were
stained with 0.17 Coomassie brilliant blue R-250 in 50% methanol and 77
acetic acid for 1 hour.

SDS-polyacrylamide gel electrophoresis was performed according to
Laemmli (18) using a 15% gel slab (1 mm~thick). The enzyme was sealed
in a small.glass tube with 5% SDS in.the presence or absence of 57 2-
mercaptoethanol, and denatured at 100°C for 3 min. 'ﬁlectrophoresis was
carried out at room temperature with a constant voltége of 100 V per gel
" slab. The following molecular weight standards were used: phosphory-
lase b (94,000), BSA (67,000), ovalbumin (43,000), carbonic anhydrase
(30,000), trypsin inhibitor (20,100), and o-lactalbumin (14,4000).

Isoelectric focusing was carried out with 27 Ampholine (pH 3.5-10)
on 5% polyacrylamide gel using a vertical mini-slab gel apparatus (5 x 9
em) for electrophoresis. The septums of sample wells which directly
connected with Ampholine—containing polyacrylamide gel were made by 152
polyacrylamide gel containing 0.02 M phosphoric acid to avoid a
curvature of protein band near the cvathode. Focusing was conducted at
4°C at a constant voltage of 200 V for 4.5 hours with phosphoric acid
and NaOH as the cathodic and anodic electrolytes. The pl standards were
amyloglucosidase (3.50), soybean trypsin inhibitor (4.55), f~lacto-
globulin A (5.20), bovine carbonic anhydrase B (5.85), human carbonic
anhydrase B (6.55), horse myoglobin—acidié band (6.85), horse myoglobin-
basic band (7.35), lentil lectin-acidic band (8.15), lentil lectin-
middle band (8.45), lentil lectin-basic band (8.65) and trypsinogen
(9.30). Protein was stained with 0.1%7 Coomassie brilliant blue G-250 in
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25% methanol and 57 écetic acid after fixing with 10%Z trichloroacetic
acid and 57 sulfosalicylic acid for 1 hour.

S0D activity on the gel for native electrophoresis and isoelectric
focusing was located by the photochemical method of Beauchamp and
Fridovich (19) with a slight modification. After electrophoresis, the
gel plate was washed in 50 mM potassium phosphate, pH 7.8, containing
0.5 mM EDTA with several chenges of buffer for 5 min. The gel was
soaked in 2.5 mM NBT for 7 min, and then immersed in 100 pM riboflavin
containing 30 mM TEMED for 5 min. The NBT and riboflavin solutions
contajined 50 mM potassium phosphate, pH 7.8, and 0.5 mM EDTA. . For
characterization of the types of SOD, the gel was treated by cyanide or
hydrogen peroxide. Cu,Zn-S0D is sensitive to cyanide, but Mn-S0D and Fe~
SOD are nmot (1). Hydrogen peroxide inactivates Cu,Zn-SOD and Fe-SOD,
but not Mn—-SOD (20). For cyanide treatment, 2 mM potassium cyanide was
added in the riboflavin solution. For H,0, treatment, the gel was
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soaked in 3 mM H?_O2 containing 50 mM potassium phosphate, pH 7.8, and

0.5 mM EDTA for 30 min after washing with the buffer.

" Molecular weight determination

Molecular weight of the enzymes were determined by gel filtration
using a Sephadex G-100 column (2.5 x 85 cm) equilibrated with 10 mM
potassium phosphate, pH 7.8, and 0.1 M KCl. The column was calibrated
with BSA (67,000), ovalbumin (43,000), bovine Cu,Zn~SOD (31,000), o-
chymotrypsinogen A (25,000), myoglobin (17,800), and cytochrome c
(12,400) . |

The molecular weight of the enzymes were also determined by the
sedimentation equilibrium according to Yphantis (21) using a Hitachi UCA-
1A analytical ultracentrifuge equipped with an interference optics.
Purified enzyme at 0.2, 0.5, 0.8 mg/ml in 5 mM potassium phosphate, pH
7.8, containing 0.1 M KCl were equilibrated using a three-column double
sectered cell at 28,400 rpm, 20°C. Partial specific volume of the
enzymes were calculated from the amino acid composition (Table II) by

the method of Cohn and Edsall (22).
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Spectroscopy

Optical spectra were taken using a Shimadzu MPS-2000 spectrophoto-—
meter, and circular dichroism (CD) spectra were recorded using a JASCO J-
500C spectropolarimeter equipped with a data processor Model DP-501. In
ultraviolet region, the ellipticity was expressed in terms of mean
residue ellipticity, [GJR, which was based on the mean amino acid
residue weights of 101 (SOD-I) and 103 (SOD-II), and in visible region,
molar ellipticity, EBJM, with molecular weights of 30,800 (SOD-I) and
31,800 (SOD-II). The contents of o-helix were estimated using the
method of Chen and Yang (23).

Metal analysis

The metal contents of the enzymes were determined using a Hitachi
Perkin—-Elmer 303 atomic absorption spectrophotometer with a flame-less
graphite atomizer. The enzymes were dialyzed against 5 mM Tris-HClL, pH
7.8, which was passed through a Chelex 100 column.to remove metals.
Aliquot (10 pl) of the samples was directly atomized in a graphite

atomizer.

Amino acid analysis

The enzyme in duplicate was hydrolyzed in 6 M HCL in a evacuated
and sealed tube for 24, 48, 72 hours at 110°C after dialysis against
distilled water and then subjected to a Hitachi 835 amino acid analyzer.
Half-cystine and methionine were determind as cysteic acid and methio-
nine sulfone after performic acid oxidation followed by hydrolysis in 6
M HCl for 18 hours according to Moore (24). Tryptophan was estimated by
the method of Edelhoch (25). The loss or increase in amino acid during
hydrolysis were corrected by extrapolation to zero time or taking the

values at 72 hours.

Sequencing

Apoenzyme was prepared by the procedure of McCord and Fridovich
(14,26) with a slight modification. S0D-I was dialyzed against 50 mM
sodjum acetate, pH 3.8, 10 mM EDTA at 4°C for one day, and then against

distilled water, and freeze-dried. For carboxymethylation the apoenzyme
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(2.3 mg) was reduced for 4 hours at 25°C, with 45 Pmol of 2-mercapto-
ethanol in 1 ml'of 6 M guanidine-HCl and 0.2 M Tris~HCLl buffer, pH 8.5.
Iodoacetic acid (42 pmol in 50 pl of 1 M NaQH) was then added, and
after 10 min, during which pH changed from 8.0 to 8.5, the reaction was
quenched by the addition of 45 pmol of 2-mercaptoethanol. The alkylated
S0D-I was dialyzed against distilled water, and freeze-dried.

The NHz—terminal sequence was determined manuallly by the
DABITC/PITC double coupling methed of Chang (27). Ten nmol of carboxy-
methylated SOD-I was dissoloved in 80 Pl of 507 pyridine. The enzyme
was reacted with 400 nmol of DABITC in 40 pl of pyridine for 50 min and
then with 10 pl of PITC for 15 min at 52°C. DABTH-amino acid deriva-
tives were identified by TLC of polyamide sheets (2.5 x 2.5 cm) after
exposure to HCl vapor (28). Leucine and isoleucine were identified by
TLC of silica gel (29).

The COOH-terminal sequence was determined by the time-dependent
liberation of amino acid with carboxypeptidase A. The carboxymethylated
SOD-I (800 pg) was incubated with 35 pg of carboxypeptidase A in 0.2 M N-
ethylmorpholine-acetate buffer, pH 8.5, at 37°C. Aliquot (corresponding
" to 10 nmol of the enzyme) was withdrawn at intervals, and the reaction
was quenched by the addition of 10 Fl of 6 M HCL. The supernatant
obtained by centrifugation was freeze-dried, and amino acids were

analyzed by a amino acid analyzer.

3. RESULTS

Isozymes

It has been shown that in spinach leaves Cu,Zn—SCD is localized in
chloroplast stroma (5), I found electrophoretically distinct Cu,Zn-SQD
isozymes in spinach leaves and seeds (Fig. 1). The seeds contained one
major Cu,Zn-S0D (fastest moving band) and minor two Cu,Zn-SOD (middle two
bands) as well as Mn-SOD (slowest band), while the leaf buffer extract
showed two Cu,Zn-S0D isozymes which have the same mobjility as those of
seed Cu,Zn~-80D isozymes. I refer the bands of Cu,Zn-80D isozymes as
Cu,Zn-S0D~I, -II, and ~III from anodic side. Cu,Zn-SOD-III and Mn—-SOD
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Fig. 1. SOD isozyme patterns of spinach seeds and leaves revealed

by native-polyacrylamide gel electrophoresis. Cell-free extracts of

spinach seeds and leaves were .prepared by homogenizing with 50 mM

potassium phosphate, pH 7.8, containing 0.5 mM EDTA. The homogenate
clarified by centrifugation was fractionated by ammonium sulfate (30-807).
The precipitate obtained by centrifugation was dialyzed against 10 mM
potassium phosphate, pH 7.8, containing 0.1 mM EDTA. 1, Seeds (1.9 units);
2, leaves (1.1 units). Electrophoresis and activity staining were described

in Materials and Methods.

activity bands were also found in the leaves, when a large amount of the
extract was subjected to the electrophoresis. The "stromal" Cu,Zn-SOD
purified previously from the leaves (5) coincided with the band of Cu,Zn-
SOD-IT (Fig. 1). Thus, SOD-I is a major isozyme in the seeds and SOD-
II is a major ome in the leaves.

The change of isozyme pattern of Cu,Zn-SOD during germinaiton and
growth under the dark and light condition was followed electrophoreti-
cally. In the 6-day old etiolated seedlings, isozyme pattern was almost
identical to that of seed; SOD-I was major, and SOD-II was minor. Non-
green tissues such as roots, etiolated hypocotyls also showed the
similar isozyme pattern, indicating that SOD-I is characteristic to non-
green tissues. (Fig. 2) Under the light SOD-II band increased progres-

sively for 3-4 days after the germination with.the concomitant increase
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Fig. 2. Distribution of Cu,Zn-SOD isozymes in each tissue of spinach
and their subcellular distribution. Cell-free extracts of each tissue
were prepared as in Fig. 1, except that ammonium sulfate fractionation
(0-80%) was conducted. Fractionation of stroma and cytosol from leaves
was described in Materials and Methods. 1, Seeds; 2, roots; 3, hypocotyls
from 6-day old etiolated seedlings; 4, leaves; 5, chloroplast stroma;

6, cytosol from leaves. Each extract contained 0.5-1 unit of SOD.

I, Cu,Zn-SOD-I; II, Cu,Zn-SOD-II.

of chlorophyll, while SOD-I was gradually decreased (data not shown).
These results indicate that biosynthesis of SOD-II is correltate with
the biogenesis of chloroplasts.

The stroma prepared from the Parcoll-purified intact chloroplasts
contained SOD-II but lacked SOD-I. SOD-I was detected in cytosol
fraction. (Fig. 2). Thus, SOD-II is a stromal enzyme and SOD-I may be a

cytosolic enzyme.

Purification of Cu,Zn-SOD isozymes from spinach seeds

Spinach seeds (10 kg) were homogenized in 50 mM potassium phos-—
phate, pH 7.8, containing 0.5 mM EDTA using an electric mortar for 1.5
hours with sea sands (one batch, 300 g seeds in 1.5 liters buffer). The
homogenate was successively squeezed through one layer, and then four
layers of gauze.

Ammonium sulfate was added to the extract to 307% saturation. The
PH was maintained at 7.8 by adding ammonia. After removal of insoluble
materials by centrifugation at 11,000 g for 30 min, ammonium sulfate was
added to the supernatant to 80% saturation. The precipitate collected
by centrifugation at 11,000 g for 30 min, was dissolved in and dialyzed

against 10 mM potassium phosphate, pH 7.8, containing 0.1 mM EDTA.
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The dialyzed enzyme was clarified by centrifugation and applied to
. a DEAE-Sephacel column (10 x 22 cm) equilibrated with 10 mM potassium
phosphate, pH 7.8, containing 0.1 mM EDTA. The cclumn was washed with
15 liters of 10 mM potassium phosphate, and eluted wiht 10 liters of 50
mM, and 20C mM KCl and then 5 liters of 500 mM KCl in 50 mM potassium
phoéphate, pH 7.8. All buffers contained 0.1 mM EDTA. Washing, 50 mM,
200 mM, and 500 mM KCl fractions contained 5.8, 83.6, 10.0 and 0.77 of
SOD activity, respectively. The SOD in washing and 50 mM KCl fractions
were cyanide-sensitive Cu,Zn-SOD. The 200 mM KCl fraction contained one
third of Cu,Zn-SOD and two thirds of cyanide—-insensitive SOD. Further
purification of Cu,Zn-SOD was conducted using the 50 mM KCl fraction.
The 50 mM KCl fraction was concentrated by ultrafiltration through
an Amicon PM 10 membrane and dialyzed against 10 mM potassium phosphate,
pH 7.8, containing 0.1 mM EDTA. The concentrated enzyme was applied to
a DEAE-Sephacel column (2.5 x 23 cm) equilibrated with 10 mM potassium
phosphate, pH 7.8, containing 0.1 mM EDTA. After washing the column
with 3 liters of the equilibrating buffer, the enzyme was eluted by 3
liters of a linear gradient of KC1 (0 to 80 mM) in 10 mM potassium
" phosphate, pH 7.8, containing 0.1 mM EDTA. Cu,Zn-SOb"II and -I were
eluted at 25 mM and 40 mM KCl1 (Fig. 3). BEach fraction was pocled and

concentrated by ultrafiltration.

{units/1opl)o-o
™ TN N

. 50D activity

(o] 100 200 - 300
Fractlpn number  (ISml)

Fig. 3. Linear gradient chromatography of.SOD isozymes from spinach
seeds on DEAE-Sephacel. I, Cu,Zn-50D-I; II, Cu,Zn-SOD-II. Detajls

are given in the text.
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Fig. 4. Phenyl-Sepharcase hydrophobic chromatography of Cu,Zn-S0D-I.

Details are given in the text.

Ammonium sulfate was added to 35% saturation to Cu,Zn-SOD-I and -II
fractions and the enzymes were subjected to Phenyl-Sepharose hydrophobic
chromatography. Cu,Zn-S0D-I was applied to a Phenyl-Sepharose column (4
x 7 cm) equilibrated with 357 ammonium sulfate in 10 mM potassium

" phosphate, pH 7.8, containing 0.1 mM EDTA. After wahing with the

starting buffer, the enzyme was eluted by a simultaneous cross linear
gradient of ammonium sulfate (35 to 0%) and ethylene glycol (0 to 407)
in 1 liter each of 10 mM potassium phosphate, pH 7.8, containing 0.1 mM
EDTA. SOD~I was eluted at 20 7 ammonium sulfate and 18 % ethylene
glycol (Fig. 4). Cu,Zn-SOD-II was also purified by the similar proce-
dure as above on Phenyl-Sepharose column (2.5 x 10 cm) using a linear
gradient of ammonium sulfate (35 to 0%Z) and ethylene glycol (0 to 40%)
in 750 ml each of 10 mM potassium phosphate, pH 7.8, containing 0.1 mM
EDTA. SOD-II appeared at 227 ammonium sulfate and 13% ethylene glycol.
Each fraction was pooled and concentrated by ultrafiltration.

The concentrated enzymes (SOD-I, 20 ml; SOD-II, 10ml) were sepa-
rately gel-filtered through Sephadex G-100 column (4 x 86 em) equili-
brated with 10 mM potassium phosphate, pH 7.8, containing 0.1 M KC1
using the equiiibrating buffer as an elution buffer. At this step, the
absorbance at 258 nm of Cu,Zn-50D-II was higherlthan that at 280 nm.

The active fractions were pooled and concentrated by ultrafiltration
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during which the buffer was changed to 5 mM potassium phosphate, pH 7.8.

Cu,Zn-SO0D-II was finally purified by passing through a column of
Bio-Gel HTP (1.5 x 1.5 cm) equilibrated with 5 mM potassium phosphate,
pH 7.8. 8SOD~II was .not adsorbed, and obtained from washings with a high
yield. SOD~I was also passed through a Bio-Gel HTP column (1.5 x 7 cm)
equilibrated with the same buffer to remove a pink pigment exhibiting at
550 nm.

The concentrated Cu,Zn-SOD-I was adsorbed onto DEAE-Sephacel column
(4 x 8 cm) equilibrated with 10 mM potassium phosphate, pH 7.8. The
column was washed with 500 ml of the equilibrating buffer -containing 10
mM KCl, and then eluted with a lineaf gradient of XCl1 (10 to 80 wM, 2
liters) in 10 mM potassium phosphate, pH 7.8. The active fractions
having a constant absorbance ratio at 258 and 280 nm were pocled an
concentrated. The purification of Cu,Zn-S0D-I and -II is summarized in
Table I. Both isozymes had a specific activity of 8,000 units/mg

protein.

Table I

Summary of the Purification of Cu,Zn—S0D Isozymes from Spinach Seeds

.

Total Total Specific
Purification step protein activitya activity vYield ©Purification
R T im0 unies) YRR {n-fold)

Homogenate 105,000 613 6 100 1
30 to 80% (NH4)2504 38,700 570 15 93 2.5
1st DEAE~Sephacel 3,400 457 134 75 22
2nd DERE-Sephacel

s0p-1 ©) 506 414 ‘818 68 136
) 80D-IT 279 40 143 7 24
Phanyl-Sepharose . .

S0D-1I 105.0 391 3,724 64 620

'SOP-II 10.1 - 37 3,663 6 611
Sephadex G-~100

SOD~X 71.6 331 4,623 54 ’ 771

SOD-II 7.0 37 5,286 6 88l
Bio=-Gel HTP ;

sopn-I 60.0b) 325 5,417 53 903

S0OD-II 4.4 36.4 8,273 6 1379
3rd DEAE-Sephacel . . b}

SOD-I 32.1 270.5 8,427 44 1405

a) MeCord and Fridovieh unit (14).

b) Protein was measured by the method of Lowry et al. (16) and in the
final step the enzymes were determined using an A} em at 258 nm of
4,20 and 4.08 for SOD~I and -II, respectively.

¢) SOD~-I, Cu,Zn-SOD-I; SCB-II, Cu,Zn-SOD-II,
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Fig. 5. Polyacrylamide gel electrophoresis of the purified spinach
Cu,Zn-SOD isozymes. Left panel, protein staining (each 3 pg); right
panel, activity staining (each 6 units). 1, Cu,Zn—SOﬁ-I; 2, Cu,Zn-SOD-II;
3, leaf "stromal" Cu,Zn-SOD.

Purity of the enzyme

Both Cu,Zn-SOD-I and -II gave a single protein band on native
polyacrylamide gel (Fig. 5), SDS-polyacrylamide gel, and isoelectric
focusing gel. Protein band of SOD-I and -II on native polyacrylamide
gel coincided with SOD activity band of purified enzyems and of crude
extract, indicating no modification of the enzymes during the purifica-
tion (Fig. 5)

The protein band of seed Cu,Zn-SOD-II was coincided with that of
leaf "stromal" Cu,Zn-SOD (Fig. 5). Since the present preparation of
Cu,Zn-SOD-II had a higher specific activity than that of previous

Preparation (5), Cu,Zn-SOD-II was characterized in parallel with Cu,Zn-—
SOD-T.

Molecular weight and subunit structure

Analytical ultracentrifugation for molecular weight determination
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gave a straight line in the plot of log(fringe displacement) against
square of the distance from the center of rotation. From the slopes of
the above plots and the partial specific volumes (SOD-I, 0.721; SOD~II,
0.727) calculated from the amino acid compositions (Table II), the
molecular weights for $OD-1 and -II were 30,800 and 31,800, respecti-
vely.

Subunit molecular weight as determined by SDS-polyacrylamide gel
electrophoresis were 17,000 for SOD-I and 20,000 for SOD-II in the
presence of 2-mercaptoethanol, and 17,000 for SOD-I and 19,000 for SOD-
ITI in its absence. Thus, both SOD-I and -II are homodimers and the

subunits are not covalently linked through disulfide bridge.

Absorption spectra

In ultraviolet region the absorption spectra showed a difference
between Cu,Zn—-S0D-I and -II (Fig. 6). SOD-I exhibits absorption
shoulder around 275 nm indicating the presence of tyrosine in addition
to the peaks (252, 258, and 264 nm) characteristic ﬁp phenylalanine.

SOD-II lacked absorption at 275 nm but showed the peéks due to phenyl-
172
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cm-1 and 4.08 for SOD-

" alanine. The molar absorbance coefficient and A at 258 nm were

12,900 M 'en™! and 4.20 for SOD-I, and 12,900 ¥
I1. The spectra in visible region showed absorption peak at 670 nm for
S0D~I, and 680 nm for SOD-II, with a molar absorbance coefficient of 422
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Fig. 6. Absorption spectra of spinach Cu,2n-S0D isozymes. Spectra
were recorded at a concentraiton of 1.39 mg/ml (SOD-I), and 1.00 mg/ml
(SOD-II) in 10 mM potassium phosphate, pH 7.8, at 25°C. The light path
was 10 mm. so0b-I, Cu,Zn-SCOD-1; SOD-II, Cu,Zn-S0D-II.
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Metal analysis

SOD~I contained 2.13 g-atoms of Cu and 1.98 g-atoms of Zn, and SOD-
II 2.08 g-atoms of Cu and 1.94 g-atoms of Zn per mol of -enzyme. Irom
and manganese were not detected or lower than the limit of determina-

tion.

Amino acid compositions

Table II shows the amino acid compositions of spinach seed Cu,Zn-
SOD~I and -II as well as the leaf "stromal" Cu,Zn-SOD (5). The amino
acid compositions of seed Cu,Zn-S0D-II and leaf "stromal"” Cu,Zn-SCD were

identical within experimental error. Cu,Zn-50D-I1 and ~II were composed

Table II

Aminc Acid Compositions of Spinach Superaxide Dismutase Isozymes

The number of residues of Cu,Zn-S0D-I was caleulated for 30,800 g of
the enzyme. The correction was made for metals (2 Cu and 2 2Zn) and two
water at terminals, The number of residues of Cu,Zn—SOD-II was caleculated
for a molecular weight of 31,381 which was obtained frpm the sequence data
for spinach "stromal" Cu,Zn-S0D.

Cu, Zn-S0D-1 Cu,Zn-SOD-II  “Stromal"
Amino acid Number of Nearest Number of Neavest Cu,Zn-50D
residues integer residues integer Sequence

Asp, 14.76 35 37.88 38 g%
Thrc) 25.86 26 31.18 3 32
Ser® 20.33 20 13.58 14 10,5
Glu 19.00 19 22.93 23 22
Pro 16,55 17 17.14 17 18
Gly 60.41 60 46.35 46 46
Ala 20.40 .20 24.39 24 24
1lzc§s 1.77 4 5.4 4 4
vald 30.12 30 33.25: 33 36
Met 1.58 2 . 1.66 2 2
11ed) 13.08 13 8.72 9 8
Leu 18.74 19 24.58 25 24
Tyt 2.28 2 - 0 0
Phe 6.41 3 6.13 .6 6
Lys 8.58 9 14.18 14 14
His 15.87 16 14,41 14 16
Arg 8.10 8 8.19 8 8
Trp - 4] - 0 0
Total ) 306 : 308 308

a) Aspartic acid + asparagine. b) Glutamic acid + Glutamine.
¢) O-time. d) 72 hours hydrolysis.

e) Kitagawa et al. (personal communication).
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of almost the same numbers of amino acid residues. SOD-I contained twe
residues of tyrosine as deduced from its UV absorption spectrum (Fig. 6),
but SOD-II lacked tyrosine. Both enzymes did not contain tryptophan.
Significant difference in the contents of serine, glycine and leucine
was found between SOD-I and -II, indicating that they are products of
different genes.

The difference in the contents of serine, glycine and leucine has
been also observed in Cu,Zn-SOD isozymes of maize (10) and wheat (7).
Higher contents of serine and glycine and lower content of leucine of
cytosolic spinach SOD-I are found in maize SOD-2 and -4, and wheat
isozyme I. Lower contents of serine and glycine and higher content of
leucine of stromal Cu,Zn-S0D-II are found in maize S0D-1 and wheat
isozyme II. The difference in specific amino acid residues among Cu,Zn~
80D isozymes from angiosperms suggests an early divergence of cytosolic

and stromal Cu,Zn—-80D from an ancestral protein.

Isoelectric points

Isoelectric points of Cu,Zn-SOD-I and -II were 4.7 and 5.2,

' respectively.

NH,.~- and COOH-terminal sequences of S50D-I

Amino acid sequences of Cu,Zn-50D have been determined for the
enzymes from bovine (30), human (31,32,33), horse (34}, yeast (35,36),
swordfish (37), fruit £ly (38), and bacteria (39). Kitagawa et al. have
determined the sequence of spinach lLeaf "stromal" Cu,Zh—SOD (i.e. Cu,Zn-
SOD-II) (personal communication). I determined the NHz-terminal -
sequence of spinach Cu,Zn-SOD-I using the micro-sequencing method. The
NHz-terminal sequence of SOD-I upto 21 residues and those of spinach S0D-
II, and bovine, human, horse, and yeast Cu,Zn-S0D are shown in Fig. 7.
The position number is based on spinach SOD-II. It is evident that
spinach SOD~I is evolutionally related to other Cu,Zn-S0D, since
positions 5, 6, 8, 9, .15, and 17 were common among these Cu,Zn-S0D. In
addition, positions 4, 19, and 23 were shared by both spinach Cu,Zn-S0D
isozymes. From X-ray diffraction data (40,41), the residues from

position 1 to 11, and from 15 to 23 form first and second B-strands
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5 10 15 20
Bovine AcAT-kRVICVIIKGDGP[VIQE[T I HFEA
Hurian AcAT-KRRVICVLIKGDGPV|QIG|S I NFEDQ
Horse AcAL-KIAV|ICIVLIKGDGP|V[HIGIVIHFEDQ
Yeast VQIAVIA|V LIKGDAG|V[SIG|V VK FEQ
Spinach-II A T KiKHA V[A|V L|K G TS N[VIEJG[VVIT L TIQ}

-1 Giki{A viviv LIS SNEalvlvigjTiviv F Alg!

Fig. 7. NHz—terminal sequence of spinach Cu,Zn—SOD-I; The sequence
(21 residues) of spinach SOD~I was aligned with those of bovine (30}, human
(31,32), horse (34), yeast (35,36) Cu,Zn-S0D, and spinach Cu,Zn-SOD-II
(Kitagawa et al. personal communication). The residue mumber was based
on that of gpinach SOD-II.

consisting eight—stranded B~barrel structure. The residues position 12-
14 corresponds f~turn. High homelogy between the sequences of spinach
Cu,Zn-S0D isozymes was found in the first and second B-strands, however,
the region of B-turn was not conserved. Seéondary strucutre of spinach
SOD-I predicted by the method of Chau and Fasman (42) revealed the B-
strand — f-turn —> B-strand structure similar to thét of spinach 80D-

| II. o

The NHz—terminal amino acid of mammalian Cu,Zn-S0D are N-acetyl-
ated, while spinach Cu,Zn-S0D isozymes were not as well as those of
fish, fruit fly, yeast, and bacteria. It is evident that SOD-I lacks
the first two residues when aligned with SOD-II, and in this respect,
spinach SOD-I resembles yeast Cu,Zn—-S0D. The percentage of homology of
NHZ—terminal sequence (residue 1-23) between SOD-I and ~II was 397,
which is the same degree between angiosperm and mammalian, and between
angiosperm and yeast (40-50%Z), indicating an early divergence of SOD-I
and -II. ‘

The COOH-terminal sequence of spinach Cu,Zn-SOD-I was analyzed
using .carboxypeptidase~A. The terminal sequence was -Leu-Ser-Gly-Gly-—
COOH. The counterpart of S0D-II has been reported as -Leu(151)-Thr-Pro-
Val (154)~CO0H. The numbers of total residue were 306 for SOD-T, which
was calculated by amino acid compésition (Table II), and 308 for SOD-II,
which was determined by the sequence. Alignment of the COOH-terminal

region of SOD~I and -II indicated homology at position 151 (SOD-II) as
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Leu, it is resonalbe to assume that the delation of only two residues at
the NHz"terminal region would contribute the difference in total residue

amounts.

Circular dichroism spectra

The circular dichroism (CD) spectra of spinach Cu,Zn-S0D isozymes
were similar in the 190-240 nm region and exhibited single negative band
centered at 208 nm indicating the few o-helical structure in the both
enzymes (Fig. 8). The mean residue ellipticities [B]R at 208 nm of SOD-
I and -II were —6,300 and -10,600 deg-cmz.dmolw1, respectively. The [9]R

. ——-— .200. 220 240 260 280 300
Wavelength (nm)

. 1 ' . i . 1
300 400 500 €00 . 700
Wavelength (nm)

Fig. 8. Ci:rcular dichroism spectra of spinach Cu,Zfi-S0D i.?;ozymes;
The concentrations of S0D-I and S0D-II in 10 mM potassium phos_phate, pH 7.8; -
~and lighe path were (A), 0.136 mg/ml, 0.198 mg/ml, 1 mm; (B), 1.36 mg/ml,
1.98 mg/ml, 1 mm, (C) 1.36 mg/ml, 1.98 mg/ml, 10 mm, respectively.
[e]R. Mean .residue ellipticity (A and B); [B]M, molar ellipticity (C).
» Cu,Zn-50D~1; =====, Cu,Zn-50D-~II, The spectra were recorded
at 25°C.
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of SOD-I and -II at 222 nm indicates at most 10% c~helical contents of
the both enzymes, which is almost same as that of bovine Cu,Zn-S0OD (40).
Thus, the chain foldings of SOD-I and -IT might be similar or identical.
‘Spinach "stromal”™ Cu,Zn-SO0D (i.e. SOD-IT) has eight-stranded B-barrel
structure similar to that of bovine Cu,Zn-S0D (Kitagawa et al., personal
communicaiton},

The spectra in the 240-300 nm region showed a single positive band
at 260 nm ([B]R = 149 for SOD-I, [G]R = 140 deg-cm‘?-dnml—1 for SOD-II)
with a broad shoulder reaching visible region. No prominent difference
between both enzymes was observed. ‘

In visible region (300-700 nm), both enyzmes showed positive bands
at 340, 450, and 600 nm, and a2 negative band at more than 700 mm. A
little difference was observed in the positions and the intensities of

the maximum bands: SOD-I, molar ellipticity [B]M at 592 om = 6,570; SOD-
L maa w2 SUTE, el o |

1T, [GJM at 582 nm = 4,820 deg-cm_1-dmol-

difference in optical spectra of Cu chromophore (Fig. 6). This might

, in accordance with the small

reflect the difference in configuration of ligands for Cu site of both

enzymes.

Immuncological properties

It has been reported that anti-maize cytosolic Cu,Zn-SO0D- isozyme
did not react with the maize stromal.Cu,Zn;SOD igsozyme (10)., T prepared
both antibodies against spinach Cu,Zn-S0D-I (cytosolic) and SOD-II
(stromal), and tested their antigenic specificities in Quchterlony
double immunodiffusion. - Although anti-SOD-I and anti-SOD=IT formed a
single precipitin line with the purified SOD-I and SOD-II, respectively,
anti-S0D-I did not cross-react with'SOD-II, and anti-SOD-II not with SOD-
I (Fig 9). Thus, both SOD-I and -II are immunologically distinct
enzymes, in accordance with a large difference in the NH2~termina1
sequences. Cross-reaction of SOD-III from spinach seed extract with
anti-SOD-TI but no reaction with anti-SOD-II in crossed—immunoelectro-—

phoresis indicates that SOD-III is a cytosolic enzyme (data mnot showm).
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Fig..9. Ouchterlony do.uble immunodiffusion of anti-spinach SOD-I and
anti-spinach SOD-II with spianch Cu,Zn-50D isozymes. Diffusion was carried
out at 37°C for 9-12 hours. 1, Anti-spinach Cu,Zn-SO0D-I (56 pg/15 pl); 2,
anti-spinach Cu,Zn-S0D-II (73 pg/15 pl); 3, spianch Cu,Zn-SOD-I; 4, spianch
Cu,Zn-50D~-I1. One }Jg/15 pl of the purified 50D isozymes were used.

Inactivation by hydrogen peroxide

Maize and wheat Cu,Zn=S30D isozymes differ in sensitivity against
hydrogen peroxide: Stfomal“Cu,Zn-SODrisozyme is more resistant against
H202 than cytosolic one (10). Spinach Cu,Zn-S0D-I and -II were inacti-

vated by H,0, in 10 mM potassium phosphate, pH 7.8, at 25°C. The second

2 =1

. . . . ~1
order rate constants for inactivation were determined to be 0.64 M sec

for S50D-I and 0.28 M_1se<:._1 for 8S0D-II, indicating that spinach stromal

Cu,Zn—-S0D is also more resistant to H202 than cytosolic Cu,Zn-S0D.
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4. DISCUSSION

It has been previously shown that Cu,Zn-SOD is localized in
chloroplast stroma of spinach levaves (5). Here, I fourd three Cu,Zn-
SOD isozymes in spinach seeds and leaves, and purified two isozymes from
the seeds. One of the purified isozyme, Cu,Zn—SOD~II; was structurally
identical with the "stromal” Cu,Zn-SOD previously purified from the
leaves (5), as indicated by the mobility on native (Fig. A and 5) and
SDS-polyacrylamide gel electrophoresis and on isocelectric focusing, and
amino acid compositions (Table II). ' -

Subcellular distribution of Cu,Zn-SOD isozymes in spinach leaves
indicated that SOD-II is a stromal enzyme (Fig. 2). Although in leaves
SO0D-IT is localized in stroma, the occurrence of a small amount of SOD~
II in non-green tissues does not necessarily indicate that SOD-II occurs
in cytosol of of such tissues. Rather, SOD-II might be localized in
proplastid in non—green cells, since stromal SOD-II should be synthe-
sized as a precursor in cytoplasm and imported intq the organelles,
based on the impoft mechanism. of organelle proteins (43). So far no
data indicate that 50D is encoded in chloroplast genome.

Cu,Zn-SOD-I was absent in stromal fraction but present in cytosolic
fraction of the leaves, and occurs dominantly in non-green tissues
(Fig. 2). Thus, SOD-I seems to be a cytosolic enzyme. However, I
cannot still exclude the possibilities of the localization of either
type of Cu,Zn-SO0D jisozymes or of the occurrence of distinet novel Cu,Zn-
SOD in mitochondria, since it has been reported that yeast mitochondria
contain Cu,Zn-S0D as well as Mn-S50D (7). Absence of Cu,Zn-S0D in
mitochondria of higher plant is also possible. Characterization of SOD
in spinach mitochondria is now underway.

The purified Cu,Zn-SOD-I and -II from spinach seeds had gross
properties characteristic to Cu,Zn-S0D so’ far reportéd (44) in respect
of molecular weight, subuint structure, metal content, and CD spectra,
In spite of these similar properties, animo gdid compositions and NH,-
terminal sequences of Cu,Zn~S0D-I and -II indicated that both enzymes
are products of different genes. Comparison of amino acid compositions

between both spinach SOD-I and SOD-II, and Cu,Zn-SOD isozymes from wheat
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and maize suggest the occurrence of two types of Cu,Zn-SOD in terms of
the contents of glycine, serine and leucine. Thus, wheat isozyme-I1 for
which subcellular localization has not been reported could be assinged
to be a cytosolic enzyme, and wheat isozyme-II to be a stromal enzyme as
judged from the amino acid composition.

Alignment of‘NHZ—terminal sequence of Cu,Zn-30D-1 and -1I revealed
that first and. second B-strands were conserved but B8—turn was not
(Fig. 7). This is not surprising because the turn region of proteins
having a B-barrel structure would be more changeable than B-strand which
might be received restriction by a pairing strand. It should be noted
that the regions of B-turn are the most probable candidates for anti-
genic determinants, since these regions are located at marginal posi-
tions of the protein. Non-conservation of residues in the turn region
between spinach Cu,Zn-S50D isozymes predicts the absence of common
antigenic determinants. This was the case (Fig. 9).

Antigenic determinants characteristic to each type of spinach Cu,Zn-
SOD isozyme are conserved by cytosclic and stromal.Cu,Zn—SOD isozyme
among angiosperms. Anti-spinach SOD-I (cytosolic énzyme) cross-reacted
with cytosolic Cu,Zn-S50D isozymes from rice and maiéa, but not with
stromal isozymes. To the contrary, anti-spinach Cu,Zn-S0D-II (stromal
" -enzyme) recognized stromal Cu,Zn-S0D isozymes from rice and maize, but
not cytosolic isozymes (data not éhown). Furthermore, immuno—
logical crosss—reactivity suggested that the green alga Spirogyra sp.
which is the first photosynthetic organism acquired Cu,Zn~SOD (Chapter
III) contained two types of Cu,Zn-SOD isozyme (data not shown).

Thus, the present results suggest that photosynthetic organisms having
Cu,Zn—-S0D contain two types of structurally and immunclogically dif-
ferent Cu,Zn-S0D, i.e. cytosolic and stromal Cu,Zn-SOD..

A small differnce of active site configuration between spinach
Cu,Zn~-S0D-1 and ~II was indicated by the differences in position and
intensity of visible absorption peak and CD band: SOD=-I (Eytasolic
enzyme) exhibited absorption maximum at 670 nm in visible absorption
spectrum and positive band at 590 nm in visible CD spectrum, while SOD-
II (stromal enzyme) at 680 nm and 580 nm, respectively (Fig. 6 and 8).

Beauchamp and Fridovich have reported that wheat Cu,Zn-S0D isozymes
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could be distinguished by the difference of superhyper fine details in
EPR spectra (8). Inspection of their absorption spectra revealed
maximum peak at 680 nm of isozyme-II1 (stromal enzyme as judged from
amino acid composition), although maximum peaks at 670 nm for both

enzymes have been described (8). The fern.Equisetum arvense stromal

Cu,Zn~50D also exhibited the maximum peak of Cu-chromophore at 680 nm
(Chapter VII). Thus, it seems that the active site configuration of
cytosolic and stromal Cu,Zn-SOD differs to some extent. It should be
noted that spinach SOD-II was more resistant than SOD-I against hydrogen
peroxide by which one of the histidine residue.ligated to Cu 'is dest-
royed. Difference in sensitivity against hydrogen peroxide has been
also reported between Cu,Zn-SO0D isozymes of wheat and maize (8,10)., In
all cases stromal Cu,Zn-S0D were more resistant to hydrogen peroxide
than cytosolic Cu,Zn—-S0D. Thus, the configuration of active site of
stromal Cu,Zn—-SOD resulting in red shift of Cu-chromophore (about 10 nm)
as compared with that of ecytosolic Cu,Zn-S0D in optical spectra may
correlate to the resistance against hydrogen peroxide without affecting
its catalytic efficiency. .

It is a interesting problem to estimate the time when stromal and
cytosoli; Cu,Zn-S0D isozymes separated form their ancestral protein
during evolutional precess. Since the green alga Spirogyra sp. con-
tained two types of immunologically distinguishable Cu,Zn-SOD isozymes
(data not shown), - 'divergence of ancestral gene for Cu,Zn-50D to
stromal and cytosolic Cu,Zn—SOD occurred before or at the time when
eukaryotic algae acquired Cu,Zn-SOD.

Another problem to be solved is the regulation of protein synthesis
of Cu,Zn~SOD jisozymes and their organelle localization. There is no
data which indicate that Cu,Zn-SOD bjosynthesis is controlled by non—
nuclear gene such as chloroplast or mitochondrial gene. To the cont-
rary, Mn—-SOD in mitochondria of yeast was shown to be encoded on genomic
gene (7). Therefore, it is reasonable to postulate that spinach S0D-II
localizing in chloroplast stroma is encoded on genomic gene, and
synfhesized in cytoplasm like spinach SOD-I. If so, organelle specifi-
city of Cu,Zn-SOD isozymes may correlate to their structure. In this

respect, alignment of complete sequences of amino acid and DNA for both
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Cu,Zn-S0D isozymes are needed.

I could obtain specific antibodies against cytosolic and stromal
Cu,Zn-S0D. These will be useful tools for andlysis of Cu,Zn—SOD
biosynthesis under specific conditions such as light induction, methyl

viologen induction, and developmental gene expression.

5. SUMMARY

Spinach contained three Cu,Zn-superoxide dismutase (SOD) isozymes
as well as a small amount of Mn-SOD. Cu,Zn-SOD-I was present dominantly
in non—-green tissues such as seeds, roots, and hypocotyls of etiolated
seedlings, and localized in cytosolic fraction of leaf, but not in
chloroplast stromal fraction. On the other hand, Cu,Zn—SOD—II was
localized in chloroplast stroma.

Two Cu,Zn—SO0D isozymes were purified from spinach seeds. The
purified SOD-I and -II were almost identical in respects of molecular
weight, subunit structure, metal contents and circular dichroism
spectra. Isoelectric points were 4,7 for SOD-T and 5.2 for SOD-IT.
Absorption spectrum in UV region of S0D-I showed the presence of
tyrosine., Amino acid compositions of both isozymes were distinguish-
able, indicating that SOD-<I and -II were products of different genes.

‘Alignment of NH,-terminal sequence of SOD-I (1-21 residues) with those

of SOD-II (Kitagawa et al., personal communication), and yeast and
animal Cu,Zn~SOD revealed that the dégree of homology (40%) between SOD-
I and ~II was similar to those between plant and yeast, and between
plant and animal, indicating earl& divergence of S0D~I and -II from an

ancestral protein.
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CHAPTER VI

Cu,Zn-SUPEROXIDE DISMUTASE ISOZYMES IN RICE: OCCURRENCE OF CYTOSOLIC
AND STROMAL ENZYMES, AND MONOMERIC ENZYME

1. INTRODUCTION

In Chapter V, I isolated the cytosolic Cu,ansupefoxide dismutase
(80D} from spinach seeds in addition to stromal Cu,Zn—S0D, and compared
their physicochemical and immunological properties. Cytosolic and
stromal Cu,Zn~S0D isozymes were significantly differ in their NHZ_
terminal amino acid sequences and distinguished immunologically, but
their higher structures deduced from circular dichroism spectra were
similar.

Occurrence of Cu,Zn-S0D isozymes has been found in many plants, and
the isozymes were isolated and characterized from wheat (1), maize (2,3)
and spinach (Chapter V). However, a relation of each isozyme among
these plants is not known. I describe here tlie purification and
characterization of rice Cu,Zn-S0D isozymes, and their immunological
properties using anti-spinach cytosolic and stromal Cu,Zn-80D. I found
first that one isozyme of rice Cu,Zn-S50D is a monomexr, and that rice

algo contain cytosolic and stromal Cu,Zn—-SO0D.

2. MATERIALS AND METHODS

Cytochrome c (horse heart, type III) and xanthine oxidase (bovine
milk) were purchased from Sigma and Boehringer, respectively, marker
proteins for iscelectric point and molecular weight from Pharmacia, and
Ampholine (pH 3.5-10) and DEAE Affi-Gel Blue from LKB and-Bio-Rad,

respectively.

Rice (Oryza sativa L. cv. Sasanishiki) was water-cultured (4) in a

glass house, The leaves were harvested two months after sowing and
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stored at —20°C.

Antibodies against rice Cu,Zn-S0D-I, spinach stromal and cytosolic
Cu,Zn-SOD were raised in rabbits, and the immunoglcobulins were cbtained
by passing the sera through a column of DEAE Affi-Gel Blue as described
previously (Chapter V). Ouchterlony double immunodiffusion, and
crossed—immunoelectrophoresis using a polyacrylamide slab gel in the
first direction and an agarose gel containing antibody in the second
direction were performed as before (Chapter V).

SOD was assayed by the xanthine-xanthine oxidase-cytochrome c
system of McCord and Fridovich (5) using a 1 ml reaction volume. The
enzymatic activity is shown with the McCord and Fridovich unit by
dividing the observed unit by three (Chapter IT). Protein was deter-
mined by the method of Lowry et al. (6) using bovine serum albumin as a
standard.

Native and SDS-polyacrylamide gel electrophoresis, activity
staining for 50D on gel, determination of the molecular weight and
éubunit molecular weight, metal analysis, amino acidlanalysis, iso-
electric focusing on gel were performed as described in Chapter V.

Discrimination of three types of SOD in a gel by cyanide and

hydrogen peroxide was carried out as before (Chapter V).

3. RESULTS

Isozymes

SOD isozymes of rice leaves and seed embryos were surveyed by
activity staining after polyacrylamide gel electrophoresis"at PH 9.5
(Fig. 1). Rice leaves and embryos contained four cyanide-sensitive
Cu,Zn~-50D, and one Mn—-SOD as judged from the insensitivity to both

cyanide and H,O Cyanide-insensitive band was not affected by the

treatment witﬁ 5202, indicating the absence of Fe-S0D in the buffer
extract (data not shown). I refer the activity bands from the anode to
cathoae as Cu,Zn~SOD-I, Mn-SOD-I, Cu,Zn-SOD-II, Cu,Zn-SO0D-III, and
Cu,Zn-SOD-IV (Fig. 1). Isoelectric focusing (pH 3.5-10) on polyacryl-

amide gel showed another Mn-SOD-11 having a pI of about 9 in addition to
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Fig. 1. Native-polyacrylamide gel electrophoresis of rice SOD isozymes.
(A) Activity staining: 1, germ extract (3 units); 2, leaf extract (3 units);
3, purified Cu,Zn-SOD-I (1 unit); 4, purified Cu,Zn-SOD-II (1 unit); 5,
purified Cu,Zn-SOD-IV (1 unit). (B) Protein stainingf 1, Cu,Zn-SOD-I;
2, Cu,Zn-SOD-II; 3, Cu,Zn-SOD-IV, each 3 pg. Electrophoresis was performed
at 4°C, Top, cathode; bottom, anode. Protein was stained by Coomassie
Brilliant Blue R-250.

the five SOD (data not shown).

Cu,Zn-SOD-I was a major enzyme in the leaves, while Cu,Zn-SOD-II,
—-III, and -IV as well as Mn-SOD-I were dominant in the seed embryos
(Fig. 1). Low contents of Cu,Zn-SOD-I was also observed in whole seeds.
Cu,Zn-SOD-I increased during growth after germination with greening of
seedlings, indicating that the SOD-I is a stromal enzyme like spinach
Cu,Zn-SOD-IT (Chapter V). The increase of Cu,Zn-SOD-I was not observed
in etiolated seedlings. To the contrary, Cu,Zn—-SOD-II, —-III, and -IV
showed different changes: the SOD-II was almost constant, and the
SOD-TII and -IV was decreased after germination (data not shown). Since
these SOD isozymes did not relate with greening process, it is reason-—
able to assume that Cu,Zn-SOD-II, -III, and —-IV are cytosolic enzyme

(data not shown).
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Purification of Cu,Zn-50D isozymes

All procedures were carried out at 4°C, unless otherwise stated.
Rice leaves (100 g batch, total 500 g) were homogenized in an electrical
mortar for 1-2 hours with 800 ml of 50 mM potassium phosphate, pH 7.8,
containing 0.5 mM EDTA with sea sands. The homogenate was clarified by
centrifugation at 10,000 g for 20 min.

To the supernatant, ammonium sulfate was addd to 40% saturation.
After removal of precipitates by centrifugation, ammohium sulfate was
added to 907 saturation. The precipitate was collected by centrifuga-~
tion at 10,000 g for 20 min, dissolved in and dialyzed against 10 mM
potassium phosphate, pH 7.8, containing 0.1 mM EDTA, with several
changes of the buffer.

After removal of precipitates by centrifugation, the dialyzed
solution was applied onto a DEAE-Sephacel column (2.5 x 29 cm) equili-
brated with 10 mM potassium phosphate, pH 7.8, containing 0.1 mM EDTA
(Fig. 2). About 15% of SOD activity was not adsorbed. Unadsarbed
fraction contained Cu,Zn-SOD~III, -IV, and Mn-SOD-II. The column was
washed by 1.9 liters of equilibrating buffer until Cu,Zn—SOD—II was
eluted. After the second S0D was eluted, the column was eluted by 2
liters of a linear gradient of potassium phosphate, pH 7.8, (10 to 60
mM) containing 0.1 mM EDTA., The third SOD (Cu,Zn-SOD-I) was €luted at a
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Fig. 2. Linear gradient chromatography of rice S0D isozymes on
DEAE-Sephacel. I, Cu,Zn-S50D-I; II, Cu,Zn-S0D-II. Details are given

in the text.
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concentration of 34 mM potassium phosphate (Fig. 2). Mn—-50D-I could be
eluted by 0.16 M KC1 in 10 mM potassium phosphate, pH 7.8. High ionic
strength was also required to elute spinach Fe-SOD (Chapter XIII) and
pea Mn~S0D (7). _

Each SCD was pooled and concentrated to about t0 ml by ultrafiltra-
tion through an Amicon PM 10 membrane and then subjected to a gel
filtration. The concentrated enzyme was applied onto a Sephadex G-100
column (4 x 86 cm) equilibrated with 10 mM potassium phosphate, pH 7.8,
and 0.1 M KCl, and eluted with the same buffer. The active fractions
were pooled and concentrated through an Amiceon PM 10 membrane.

Cu,Zn~50D-1 was dialyzed against 5 mM potassium phosphate, pH 6.8,
and passed through a small column of Bio~Gel HTP (1.5 x 2 cm) equili-
brated with the same buffer. Cu,Zn-50D-I was not adsorbed on the
column, while centaminating flavoprotein exhibiting absorption peaks at
386 and 458 nm was adsorbed. The unadsorbed enzyme was dialyzed against
" 10 mM potassium phosphate, pH 7.8.

Cu,Zn-S0D-II was further purified by a linear gradient elution on
DEAE-Sephadex column., The concentrated enzyme was dialyzed against 10
" oM Tris-HCL, pH 7.8, and applied onto a column of DEAE-Sephadex (1.5 x 6
cm) equilibrated with the same buffer. After washing the column with 25
ml of equilibrating buffer,'the‘enzyme was eluted by 200 ml of a linear
gradient of Tris-HCl, pH 7.8 (10 to 100 mM). Cu,Zn-SOD-II was eluted at
75 mM of the buffer. The active fractions were pooled, concentrated
using an Amicon PM 10 and dialyzed against 10 mM potassium phosphate, pH
7.8.

The Cu,Zn-SOD-IV fraction was dialyzed against 2.5 mM Tris-HCl, pH
7.8, and adsorbed onto a column of DEAE-Sephadex (1.5 x 9 cm) equili-
brated with the same buffer, and eluted by 200 ml of a linear gradient
of Tris-HCl, pH 7.8 (2.5 to 100 mM). Cu,Zn-SOD-IV appeared at 38 mM of
the buffer. The active fractions were pooled and concentrated using an
Amicon YM 5 membrane instead of PM 10 to about 1 ml. Cu,Zn-SOD-1IV was
finally purified by gel filtration operated at a flow rate of 0.5 ml/min
using a TSK G3000SW HPLC column (7.5 mm x 60 cm) equilibrated with 50 mM
sodium phosphate, pH 7.2, and 0.1 M-NaZSOQ. Each 100 pl of the enzyme

was injected. Cu;Zn-SOD-IV was baseline-separated from contaminating
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Table I

Summary of the Purification of Cu,Zn-SOD Isozymes from Rice Leaves

Totala) Totalb) Specific

Purification step protein activity activity Yield Purification
(mg) (10-3 units) {units/mg (Z) (Eold)
protein)
Hemogenate 3,938 141 24 100 1
40 to 907 (NH,),50, 1,329 135 to2 96 4
DEAE-Sephacel
Cu, Zn-S0D-I 63 53 841 38 35
Cu, Zn-SOD-II 13 15 1153 11 48
Cu, Zn=80D~1v") 77 13 169 - 9 o7
Sephadex G-100 -
Cu, Zn-50D~I ' 12.83  52.5 4091 37 170
Cu,Zn-S0D-I1I 2.96 11,1 3750 8 156
Cu, Zn-50D-1v%) 29.29 12.4 425 9 18
Cu, Zn-50D-1I
Bio-Gel HTP 7.3 . 48.7 6617 .35 276
Cu, Zn-80D-11
DEAE~Sephadex £.31 9.2 7022 7 293
Cu, Zn-50D-IV ‘
DEAE-Sephadex 5.32 8.7 1635 6 68
TSK Gel G3000SW 0.79 5.3 6709 4 280

a) Protein was measured by the method of Lowry et al. (6).

b) McCord and Fridovich unit (5).

¢) This Eraction contained Cu,Zn-SOD-III, and Mn-SOD-II as well ag
Cu,Zn~50D~1V.

lower molecular ﬁeight protein, Active fractions were pooled, concent-
rated through a YM 5 membrane, and dialyzed against 10 mM potassium
phosphate, pH 7.8. ' | |

Table I summarizes the purificatien of Cu,Zn—-SO0D-I, -II, and -IV
from 500 g of rice leaves. Specific activities of rice Cu,Zn~-SOD
isozymes weré same and approximétely 7,000 units/mg protein. Cu,Zn-
SOD-1I1, énd Mn-SOD-1 and —II weré‘not purified due to their small

amount in rice leaves.

Purity

The purified Cu,Zn-S0D-I, -II and —-IV were homogeneous as judged
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Fig. 3. 8$DS—polyacrylamide gel electrophoresis of rice Cu,Za-50D
isozymes. 1, Cu,20-50D-I; 2, Cu,Zn-SOD-II; 3, Cu,Zn~50D-VI, each 3 pe;
4, marker proteins. The following marker proteins were used: a, phosphory-
lase b (94,000); b, bovine serum albumin (67,000); ¢, ovalbumin (43,000);
d, carbonic anhydrase (30,000); e, soybean trypsin inhibitor (20,000);
£, a-lactalbumin (14,400). The enzyme was sealed in a small glass tube, and
denaturated in 5% SDS in the presence of 5% 2-mercaptoethanol at 100°C for.
min. Electrophoresis was carried out at room temperature. Top, cathode;

- - -. bottom,-anode. Protein was stained by Commassie Brilliant Blue R-250.

from native polyacrylamide gel electrophoresis (Fig. 1). No contamina-
tion was observed when 20’pg of each enzyme was separated by polyacryl-
amide disc gel electrophoresis and stained by Coomassie Brilliant Blue
(data not shown). The SOD. activity bands of the crude extract of rice
leaves after electrophoresis corresponded to the purified Cu,Zn~SOD-I,
=11, and -IV, indicating no modificétion of the enzymes during purifica~
tion (Fig. 1). The purity of Cu,Zn-S0D-I, ~II, and FIV was further
confirmed by a single band in SDS-polyacrylamide gel electrophoresis
both in the presence and absence éf 2-mercaptoethanol (F&g. 1, énd
isoelectric focusing on pol&acrylamide gel (data not shown). Linearity
of the slope obtained from a plot of log(fringe displacement) vs. square
of the distance from the center of rotation in ultracentrifugation

analysis also indicates the homogeneity of Cu,Zn-SOD-I and -II (Fig. 5).
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Molecular weights

The molecular weights of the purified enzymes were determined by
gel filtration and ultracentrifugation methods. A gel filtration column
of Sephadex G-100 (2 x 85 cm) was equilibrated and eluted with 10 mM
potassium phosphate, pH 7.8, and 0.1 M KCl, and calibrated with hovine
serum albumin, ovalbumin, d-chymotrypsinogen-A, myoglobin and cytochrome
c. The molecular weights of Cu,Zn-S0D-I, -II, and ~IV were 31,600,
30,900, and 17,400, respectively (Fig. 4). It should be noted that the
molecular weight of Cu,Zn-SOD-IV was half as those of Cu,Zn-SOD-I and
-II, indicating that the SOD-IV is a monomer.

The sedimentation equilibrium centrifugation of the enzymes in 5 mM
potassium phosphate, pH 7.8, and 0.1 M KCl was performed by the meniscus
depletion method of Yaphantis (8) at 20°C. The partial specific volume
of the enzyme was estimated from its amino acid composition (Table I}
by the method of Cohn and Edsall (9): 0.726 for Cu,Zn-SOD-I and 0.711
for SOD~II. From the slopes (Fig. 5) and the partial specific volumes
of the enzymes, the molecular weights of Cu,Zﬁ-SOD—I and -1II were
calculated to be 31,900, and 30,900, respectively, Which are in fair

agreement with those obtained by the gel filtration method.
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Fig. 4. Molecular weight determination of rice Cu,Zn-SOD isozymes by
Sephadex G-100. One ml of each sample (1-2 mg) was applied onto a Sephadex
. G-160 column (2 x 85 cm) which was equilibrated with 10 mM potassium phosphate,
pH 7.8, and 0.1 M KCl, and eluted with the same buffer, The following marker
proteins were used: bovine serum albumin (67,000), ovalbumin (43,000),

a~chymotrypsinogen A (25,000}, cytochrome c (12,400).
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Fig. 5. Sedimentation equilibrium of rice Cu,Zn~50D-1 and 50D-II.
Purified enzymes at concentrations of 0.64 (Cu,Zn=50D-I) and 0.63 mg/ml
(Cu,2n~-80D-1I) in 5 mwM potassium phosphate, pH‘7.8, and 0.1 M potassium
chloride were equilibrated at 28,441 and 28,455 rpm, respectively, at 20°C.
The ultracentrifuge was equipped with interference optics, and the
1ogar1thm of fringe displacement, Y(r) - Y ; o0 Was plotted as a function of

the square of the distance from the center of rotation (r )

I determined the molecular weight of Mn-SOD-I, which was separated
on DEAE-Sephacel column and freed from Cu,Zn-SOD isozymes (see above),
by gel filtration following its activity. The results indicated that
rice Mn-SOD-I has a molecular weight of 100,000 like tetrameric pea
Mn-SOD (7). The molecular weight of spinach (10) and two red algae (see
Chapter XIV) Mn-SOD are 52,000 and %0,000~45,000, respectively.

Subunit structure
The subunit molecular weights of the purified enzymes were esti-

mated by $DS-polyacrylamide gel electrophoresis according to Laemmli
(11) using 15% gel. The enzyme was denaturated by 5% SDS in the
Presence or absence of 5% 2-mercaptoethanol at 100°C for 3 min as before
(Chapter V). The enzyme gave a single band in the presence and absence

of 2—mercaptdethanol (Fig. 3). The subunit molecular weights of
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Cu,Zn~-S0D-I, -II, and -IV were 18,100, 20,100, 18,300 iﬁ the presence of
the reductant, and 17,200, 18,500, and 17,300 in the absence of the
reductant, respectively. Thus, Cu,Zn-SOD-IV is a monomer, while
Cu,Zn—-S0D-~I and -II are homodimers without a disulfide linkage. To my
knowledge, monomeric Cu,2n~-SOD has not been isolated. Therefore, this

is the first isolation of monomeric Cu,Zn-SOD.

Absorption spectra

Fig. 6 shows the absorption spectra of Cu,Zn-SOD-I and -II. In
ultraviolet region, both enzyme showed the similar spectra having
absorption peaks at 252, 258, 262 nm. In addition to these peaks,
Cu,Zn—-80D-IT exhibited small shoulders around at 280 and 290 nm,
resembling that of one of maize Cu,Zn-SOD isozymes (2), while Cu,Zn-
S0D-I had no shoulder in these wavelength regions like spinach stromal
Cu,Zn-SOD (12). Since both SOD lacked tryosine and tryptophan (Table

II), the origin of the shoulders at 280 and 290 nm of Cu,Zn-SOD-II is
17
Tem _
and 3.93 for Cu,Zn-S0D-I, and 12,400 M "cm

at 258 nm were
1 and 4.02 for

not known. The molar absorbance coefficients and A
12,600 M 'em!
Cu,Zn—-50D-1I.
In visible spectra, both enzymes showed absorption peak around
670-680 nm, suggesting the presence of copper. The absorption maxima

were not identical: Cu,Zn-SOD-I at 680 nm and Cu,Zn-SOD-II at 670 nm.
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Fig. 6. Absorption spectra of rice Cu,Zn-S0D-T and -II. Spectra
were recorded at 0.93 (Cu,2Zn-50D-1), and 0.99 mg/ml (Cu,Zn-SOD~II},
‘tespectively, in 10 mM potassium phosphate, pH 7.8, at 25°G. The light
path was 10 mm. I, Cu,Zn-50D-I; II, Cu,Zn-SO0D-IIL.
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Such difference in the absorption maxima was also observed in wheat
(1), and spinach (Chapter V) Cu,Zn~SOD isozymes, and seems to be
characteristic of cytosolic and stromal Cu,Zn-SOD. The molar absorbance
coefficients of Cu,Zn-SOD-I and -II at respective visible peaks were 379
and 406 M_1cm—1, respectively,

Absorption spectrum of Cu,Zn-SOD-IV also resembled that of Cu,Zn-
SOD-II, having an absorption maximum around 260 nm, and indicating the

absence of tyrosine and tryptophan.

Metal analysis

Metal contents of Cu,Zn-SOD-I, -II, and ~IV were determined using
an atomic absorption spectrophotometer equipped with a graphite atomizer.'
After dialysis against 5 mM Tris-HCl, pH 7.8, the enzymes were diluted
with the same buffer, and the aliquots (10 Pl) were atomized in a
graphite atomizer. Cu,Zn-SOD-I, -II, and -IV contained 2.20, 2.19, and
0.98 g-atoms of Cu, and 1.96, 1.78, and 0.98 g-atoms of Zn per mol of
enzyme, respectively. The contents of Fe and Mn were the levels of

background.

Amino acid compositions

Thévenégﬁéékweréuﬂydrolyzedlin duplicate in 6 M HCl in an evacuated
and sealed tube for 24, 48, and 72 hours at 110°C after dialysis against
distilled water, Half-cystine and methionine were determined as cysteic
acid and methionine sulfone after performic acid oxidation followed by
hydrolysis in 6 M BCL for 18 hours (13). Tryptophan was estimated by
the method of Edelhoch -(14). The loss or increase in amino acids during
hydrolysis was corrected by extrapolation to zero time or taking the
values at 72 hours. Amino acid compositions of rice Cu,Zn-SOD-I and -II
were significantly differ in aspartic acid, serine, glutamic acid,
valine, and leucine contents (Table II). Cu,Zn—-SOD-II has lower content
of aspartic acid than that of the SOD-I, but this was almost compensated
by higher content of glutamic acid. No prominant difference in basic
amino acids between the two isozymes was observed. These results
clearly indicate that both enzymes are products of different genes. The

difference in serine and leucine contents of rice Cu,Zn~SOD-I and —IE
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Table II

Amino Acid Compositions of Rice Cu,Za-SOD~I and ~II%’
Cu,Zn~S0D-I - Cu,Zn-8OD-II

Amino acid  Number of Nearest Number of Nearest

regsidues integer residues integer
Asp 30,09 . 30 11.88 12
The?) 26.74 27 22.28 22
sex?’ 23.83 2% 55.69 56
Glu 31.89 32 42,38 42
Pro 18.23 18 17.74 18
Gly 46.00 46 50.00 50
Ala 264.04 2% 23.07 23
1/2 cys® 4.3 4 3.55 4
val® 31 24 31 17.19 17
Mecd 2.26 2 3.79 4
11e% 8.08 8 10.26 10
Leu 26,33 26 15.42 15
Tyr 0 0 0 0
Phe 6.08 6 5.52 6
Lys 11.90 12 11.58 L2
His 12.76 - 13 11.65 12
Arg 7.17 7 6.13 6
Trp 0 0 0 0
Total _ 310 309

a) The number of residues was calculated for 31,900 g of Cu,Zn-SOD-I and
30,900 g of Cu,Zn-50D-II, respectively: The correction was made for
2 atoms each of Cu and Zn and two molecules of water at the terminals.

b) O~time.

¢) 72 hours~hydrolysis:

d) Determined as cysteic acid and methionine sulfone after performic

acid oxidation.
|
resembled that of spinach stromal and cytosolic Cu,Zn-S0D (Chapter V).
In this respect, rice Cu,Zn-S0D-1 more resembled spinach stromal
Cu,Zn-S0D than rice Cu,Zn-S0D-II, and rice Cu,Zn=SOD-I1I is similar to
spinach cytosolic Cu,Zn-S0D.

Iscelectric points

Isoelectric points of Ca,Zn-SO0D isozymes were determined by
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isoelectric focusing on a vertical polyacrylamide slab gel containing
Ampholine (pH 3.5-10). The pI of Cu,Zn~SOD~I, -II, and -IV were 5.0,
5.3, and 5.7, respectively, based on protein staining. The bands of
purified enzymes were corresponded with those of the buffer extracts of
rice leaves and seed embryos after activity staining, indicating no
modification during purification. The order of isozymes on the gel were
the same as in native polyacrylamide gel electrophoresis. The pI of
Mn-SOD~I and Cu,Zn-SOD-III were estimated to be 5.2, and 5.5, respecti-
vely, by activity staining. Furthermore, iscelectric focusing revealed

Mn—~SOD~II having a pI of approximatry 9.

Effect of temperature on the activity

The molecular weight determination indicated that Cu,Zn-S0D-IV is a
monomer, while Cu,Zn-SOD-I and -II are dimers. It has been‘reported
that subunit-subunit interaction through catalytic cycle dose not take
place and each active site copper catalyzes independently the dispropor-
tionation of the superoxide (15,16). The same specific activity of rice
monomeric’ and dimeric Cu,Zn-SOD also confirmed the iﬁdependent catalysis
" of each active site of dimeric Cu,Zn-80D. In order to get insight into
the difference between monomeric and dimeric SOD in terms of catalytic

activity, I investigated the response of the both monomeric and dimeric
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Fig. 7. Heat stability of rice Cu,Zn-50D isozymes. Each enzyme
(2 units/20 Pl) in 10 mM potassium phosphate, pH 7.8, was sealed in
glass tubes and incubated at the indicated temperatures. Aliquots
(10 pl) were withdrawn at the indicated time and theun assayed for the
remaining enzyme activity under standard assay conditions at 25°C,

A, Cu,Zn-SOD-I; Bj Cu,2Zn-SO0D-IL; C, Cu,Zn-SOD-IV,
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SOD activity upon denaturating stress. Cu,Zn~SOD-I and -II started to
inactivate at 70°C, and about 20-307 of the initial activity was lost
within 5 min, but further inactivation was not observed upon longer
incubation at 70°C (Fig. 7A and B). To the contrary, Cu,Zn~SOD-IV was
quite stable at 70°C, at least, up to 50 min (Fig. 7C). At 80°C, the
activity of Cu,Zn-SOD-I and -II was lost with three phases and most
activity was lost within an hour. Cu,Zn-SOD-IV was more stable against
heat than Cu,Zn~S0D-I and -II at 80°C, and about 40% of the initial
activicy was rapidly lost first 10 wmin. Thereafter, the remaining
activity was decreased very slowly with time. Thus, monomeric Cu,Zn-
SOD-IV is more stable against heat than dimeric Cu,Zn-SOD-I, and -II,
and the difference of their susceptibility to heat may be attributed to

the difference in their subunit structure.

Immunological properties

Antibody against the purified Cu,Zn-S0D-I distinguished rice
Cu,Zn-SOD isozymes: anti-rice Cu,Zn-SOD-I reacted with Cu,Zn-SOD-I, but
did not form any precipitin line with Cu,Zn-SOD-II aﬁd -1V in Ouchtexr-
lony double immunodiffusion (Fig. 8A). No reactivity of Cu,Zn-50D-III1

with anti~Cu,Zn-80D-I was confirmed by crossed-immunoelectrophoresis of

Fig. B. Ouchterlony double immunodiffusion of anti-rice Cu,Zn-S0D-I,

anti-spinach stromal Cu,2n-S0D, and anti-spinach cytosolic Cu,Zn-S0D
with rice Cu,Zn-SOD isozymes. (A) Center well, anti-rice Cu,Zn-SOD~IL
(258 pg); 1, Cu,2Zn-S0D-I; 2,.Cu,anSOD—II; 3, Cu,Zn-SOD-1V (each 2 Fg).
(B) 1, Anti-spinach cytosolic Cu,Zn-50D (56 ug); 2, anti-~spinach stromal
Cu,2Zn-SOD (73 pg); 3, Cu,Zn-SO0D-1; 4, Cu,Za-S0D-II; 5, Cu,Zn-S0D~1V;

6, Equiserum Cu,2n-50D {each 2 Fg). ‘
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the extract from rice seed embryos (data not shown).

Wide-range of cross-reactivity of anti-spinach stromal Cu,Zn-S0D
with 80D in extracts from angiosperms, gymnosperms, ferns and mosses has
been shown (17). I tested the immunological cross-reactivity using
anti-rice Cu,Zn-SOD-I and anti-spinach stromal and cytosolic Cu,Zn-SQD
sera with purified spinach and rice Cu,Zn-S0D isozymes in Ouchtexrlony
double immuncdiffusion. Anti-rice Cu,Zn-SOD~I cross-reacted with
spinach stromal Cu,Zn-S0D, but did not recognize.the spinach cytosolic
Cu,Zn-S0D (data not shown). On the other hand, anti-spinach stromal
Cu,Zn—-S0D cross—reacted with rica‘Cu,Zn—SOD—I,Vbut not with rice
Cu,Zn—-80D-1I and -IV, while anti-spinach cytosolic Cu,Zn~-S0D cross-
reacted with rice Cu,Zn-II, and -IV, but not with rice Cu,2n-SOD-I (Fig.
8B). Cross-reaction of Cu,Zn-SOD-III from rice seed embryos extract
with anti-spinach cytosolic Cu,Zn-SOD but no reaction with anti-spinach
stromal Cu,Zn~SOD was confirmed by crossed-immuncelectrophoresis (data
not shown). Thus, it is evident that rice Cu,2n-SOD-I is a stromal |
enzyme, while rice Cu,Zn-80D-II, -III, and -IV are éytosolic enzymes.
The classification for the type of Cu,Zn-SOD using these antibodies was
" also applicable to the purified Equisetum Cu,Zn-SOD: it was character-
ized to be a stromal enzyme (Fig. 8B, Chapter VII).
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4. DISCUSSION

The buffer extract of rice leaves and seed embryos showed four
Cu,Zn-S0D and one Mn-SOD on polyacrylamide gel after electrophoresis
(Fig. 1). Moreover, isoelectric focusing on polyacrylamide gel revealed
the occurrence of one more Mn-S50D having a Pl of 9. Cu,Zn-S0D-I was a
major isozyme in the leaves, while Cu,Zn-SOD~II, -III, and ~IV were
dominant in the embryos and seeds. Content of Cu,Zn-SOD-I was very low
in the dry seeds and increased with the greening process after germina-
tion. The content of Cu,Zn-SOD-II, -III, and -IV Were'coﬁstaﬁt ar
rather decreased after germination. These results suggest that Cu,Zn-
SOD-I is a chloroplast enzyme while other isozymes are not.

The purified Cu,Zn~SOD-I and -II were very similar in respects of
molecular weight (Fig. 4, 5), subunit structure (Fig. 3), absorption
spectrum (Fig. 6) and metal content. Amino acid composition (Tabe II)
cleary indicated that Cu,Zn~S0D-I and ~II were products of different
genes. ‘ .

All Cu,Zn—80D so far isolgted are homodimers having a molecular
weight of 30,000-33,000. Only cone cyanide-sensitive mammalian SOD has a
high moleucular weight (18), but its relation in amino acid sequence of
typical Cu,Zn—S0D is not known. Cu,Zn-SOD is unique in structure:
B-barrel structure composed with eight anti~pararel B-sheets (19,20)
which results in extreme stability against denaturation stresses such as
heat and detergents. Subunit association is also stable against
denaturating agents and it isimpossiblé%o prepare the monomer without
loss of activity. Very low activity has been shown to associate with
monecmer of wheat Cu,Zn-50D on SDS-polyacrylamide gel electrophoresis
(21,22). Subunit exchange of maize Cu,Zn-50D isozymes has been demonst-
rated (23). However, no monomeric SOD bas been isolated which has
activity. Rice Cu,Zn~SOD-IV purified here was a monomer; the SOD-IV was
eluted at the position of half molecular weight of rice Cu,Zn~80D-I and
-II on Sephadex G-100 columm (Fig. 4), but it migrated to the same
position as that of the SOD-I on SDS-polyacrylamide gel electrophoresis
(Fig. 3). The specific activity of Cu,Zn-SOD-IV was almost the same as

those of Cu,Zn-S0D-I and -II (7,000 units/mg protein).
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Monomer-dimer equilibrium of Cu,Zn-$OD-IV was unlikely, because no
dimerization was observed in Sephadex G-100 gel filtrration. Further—
more, the following observations indicate that Cu,Zn-30D-1V was not a
subunit of other Cu,2n-SOD isozymes: 1) Anti-rice Cu,Zn-SOD-I did not
react with the SOD-IV. 2) The subunit molecular weight of SOD-II was
different with the molecular weight of SOD-IV {(Fig. 3). And 3) the
relative activity ratio of Cu,Zn-SOD-IV to -III on polyacrylamide gel
differed in both seed embryo and leaf extracts, suggesting that Cu,Zn-
SOD-1IV was mnot in equilibrium with the SOD~-III. These results suggest
that the SOD-IV is a monomeric Cu,Zn-80D distincted from Cu,Zn~-SOD-I,
-II, and ~III.

It has been shown that spinach stromal and cytosolic Cu,Zn-SOD
isozymes are immunologically distinguishable (Chapter V). 1In the
present work, anti-spinach stromal: and cytosolic Cu,Zn-SOD also distin-
guished rice Cu,Zn-SOD isozymes and classified.them into stromal and
cytosolic. enzymes: Cu,Zn-S0D-I is a stromal enzyme and the others are
cytosolic enzymes (Fig. 8). I tested the‘cross—rea;tivity of anti-
spinach Cu,Zn-S0D isozymes with the extfacts of‘ﬁhe gymnospefm'ézéég
revoluta and the eukaryotic green alga Spirogyra sp., and found that
these gymnosperm and green alga also cotained two types of immunologi-—
cally distinguishable Cu,Zn-50D like ahgiosperms (data not shown).
These specific antisera allowed me to determine the type of Cu,Zn-SOD in
photosynthetic plants.

The occurrence of two types of immunologically distinguishable
Cu,Zn-S0D isozymes in angiosperms, gymnosperms, and green alga, and
large difference in amino acid sequences of spinach Cu,Zn-50D isozymes
{Chapter V) indicates. that both gfoups of Cu,Zn-50D isozymes had been
separated at an early phase of the evolution, i.e. before the emergence
of invertebrates, fungi and land plants from their ancestral organisms
(Chapter III). It would be resonable to assum that the divergence of
both types of enzyme from ancestral protein might take place when |

phragmoplast green algae acquired Cu,Zn-50D.
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5. SUMMARY

Rice leaves and seed embryos contained fourICu,Zn—superoxide
dismutase (SOD) and two Mn-SOD as judged from the activity staining on a
polyacrylamide gel after electrophoresis and isocelectric focusing.

Three Cu,Zn-S0D (Cu,Zn~S0D-I, -II, and -IV) were purified from the
leaves to a homogeneous state. The purified Cu,Zn-SOD-I and ~II had
similar properties in respect of molecular welght, dimeric structure,
absorption spectrum, and metal content, but the amino acid composition
was different. Cu,Zn-80D-IV was a monomer based on the molecﬁlar weight
as determined by gel filtration and SDS-polyacrylamide gel electro-
phoresis. Antibody against Cu,Zn~S0D-I did not react with Cu,Zn-SOD-II
and -~IV. Anti-spinach stromal Cu,Zn-S0D éross—reacted with rice
Cu,Zn—-S0D-I, but not with Cu,Zn~S0D-II and -IV. On'the contrafy,
anti-spinach cytosolic Cu,Zn-S0D (Chapter V) cross—reacted with rice
Cu,Zn-S0D-IT and -1V, but not with Cu,Zn-S0D-I. Thus, rice Cu,Zo~S0D-I

is a stromal enzyme and rice Cu,Zn-SOD~II and -IV aﬁe cytosclic enzymes.
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CHAPTRE VII

Cu, Zn—SUPEROXIDE DISMUTASE FROM THE FERN EQUISETUM ARVENSE: ITS
PURIFICATION, AND PHYSICOCHEMICAL AND IMMUNOLOGICAL PROPERTIES

1. INTRODUCTION

As described previous chapters, Cu,Zn-superoxide dismutase (SOD)
occurs in animals, fungi and land plants. This type of SOD had been
considered to occur only in eukaryotes, but recently isolated from two

bacteria, Photobacterium leiognathi (1,2) and Caulobacter crescentus (3}.

The Photobacterium Cu,Zn-enzyme has been shown to relate to the eu-~

karyotic Cu,Zn-SOD on the basis of amino acid sequence alignment, and
this is interpreted by a gene transfer from eukaryotes to prokaryétes (4~
6). On the other hand, the Caulobacter Cu,Zn-enzyme has been considered
to be the case of divergence and to be rather the most primitive Cu,Zn-
SOD (3). Among eukaryotes, most eukaryotic algae lack Cu,2Zn—-S0D except

7 phragmoplast green algae(7,8).  I-have-shown that Spirogyra contains
Cu,Zn-SOD by its purification (chapter III).

Under these circumstances, it is desirable to compare bacterial
Cu,Zn-S0D with the Cu,2n-SOD from primitive eukaryotes. Since pro-
karyotes except ahove two baéterié, and most of eukaryotic algae lack
the Cu,Zn-SOD but contain Fe- and/or Mn-SOD, the most primitive eu-
karyotes possesing the Cu,Zn-SOD seems to be green algae (Chapter IIIL).
Although Cu,Zn-S0D has been isolatéd.from vertebrates, invertebrates,
fungi, angiosperms, and green alga, the enzyme has not been isolated yet
from lower plants, i.e. fern or moss. I purified the Cu,Zn~SOD from the

fern Equisetum arvense and report its properties.

2, MATERIALS AND METHODS

Materials
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Cytochrome c (horse heart, type III) and xanthine oxidase (bovine
milk) were obtained from Sigma Chemical Co., St. Louis, MO, USA, and
Boehringer Mannheim, Germany, IESPECtiﬁely. The standard proteins for
isoelectric points and molecular weights, DEAE-Sephadex, DEAE-Sephacel,
and Sephadex G-100 were purchased from Pharmacia Fine Chemicals,
Uppsala, Sweden. ‘Ampholine was obtained from LKB-Produkter, Bromma,
Sweden. DEAE Affi-Gel Blue and Bio-Gel HTP were products of Bio-Rad
Laboratories, Richmond, CA, USA. Bovine Cu,Zn-S0D was obtained from

Diagnostic Data, USA.

Equisetum arvense was collected in the campus in May and August, and

stored at —~20°C. Spinach Cu,Zn~SO0D was purified from the leaves as
described Chapter V. Spinach contains two isozymes of Cu,Zn-SOD, and
the purified enzyme was a one in the leaves localized in chloroplast

stroma (Chapter V). Porphyra yezoensis Mn-SOD and Azotobacter vine-

landii Fe-SO0D were purified to a homogeneous state (Chapter XIV and XV).

Antibodies

Anti-Egquisetum Cu,Zn-S0D anti-spinach stromal and cytosolic Cu,Zn-
80D sera were prepared as described in Chapter II and V. Ouchterlony
double immunodiffusion was conducted in a 1.5 % agar plate containing
0.15 M NaCl and 20 mM potassium phosphate, pH 7.8, at 37°C for 9-12
hours. Crossed-immunoelectrophoresis was carried out as described in

Chapter V.

SOD assay _

SOD was assaﬁed by the inhibition of the reduction of cytochrome c
with the OE generated by the xanthine-xanthine oxidase system (Chapter
II). This procedure is a modification of that of McCord and Fridovich
(9). The modified procedure gives a threefold yield, in terms of units,
as the reaction volume is reduced to one .third of the original method.

The enzyme activity is presented by the McCord and Fridovich unit (9).

Other methods
Polyacrylamide gel electrophoresis (PAGE), location of 80D activity

on polyacrylamide gel, and the determination of the molecular weight by
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gel filtration and ultracentrifugation were done as described previously
(Chapter V). SDS-PAGE was conducted by the method of Laemmli (10).
Isoelectric focusing was carried out with Ampholine (pH 3.5-10) in a 5%
- polyacrylamide slab gel. Metal contents were determined by a Hitachi-
Perkin Elmer 303 spectrometer with a graphite atomizer. Amino acid
composition was determined using a Hitachi 835 amino acid analyzer.
Optical and Circular dichroism spectra were recorded using a Shimadzu
MP5-2000 ‘spectrophotometer and a JASCO J-500C spectropolarimeter
equipped with a data processor Model DP-501.

3. RESULTS

Purification of Equisetum SOD

Horse tail (300 g batch, total 9.8 kg) was thoroughly ground with
one liter of 50 mM potassium phosphate, pH 7.8, containing 0.5 mM EDTA,
300 g of wet Polyclar AT (polyvinylpyrrolidone) and sea sand for 1-2
hours using an electric mortar. Polyclar AT had beeﬂ_washed with 1 M HC1
" and 1 M KOH, then with distilled water (11), and equilibrated with the
buffer before use. Addition of Polyclar AT caused twofold increase of
activity. 2-Mercaptoethanol was not included in the homogenizing medium
because of the possible reduction of disulfide bond of the enzyme.

The homogenate was clarified by centrifugation at 11,000 g for 30
min, and ammonium sulfate was added to make 457 saturation to the
supernatant. After overnight standing, the sediment was removed by
centrifugation, and ammonium sulfate was added to the supernatant to 907
saturation. The precipitate collected by centrifugation at 11,000 g for
30 min was dissolved in and dialyzed against 10 mM potassium phosphate,
pH 7.8, containing 0.1 mM EDTA. The dialyzed enzyme was applied to a
DEAE~Sephadex column (10 x 28 cm) equilibrated with the same buffer.
After washing the column with 5 liters of the equilibrating buffer, the
enzyme was eluted successively with 5 liters each of 100 mM, 200 mM and
500 mM potassium phosphate, pH 7.8, containing 0.1 mM EDTA. 50D was
found in the 100 mM and .200 mM fractionms.

The enzyme was concentrated through an Amicon PM 10 membrane, and
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then dialyzed against 10 mM potassium phosphate, pH 7.8, containing 0.1
M EDTA. The concentrated enzyme was adsorbed to a DEAE-Sephadex column
(2.5 x 42 cm) equilibrated with 10 mM potassium phosphate, pH 7.8,
containing 0.1 mM EDTA and eluted by a linear gradient of potassium
phosphate, pH 7.8 (10 to 150 mM, 3 liters), containing 0.1 mM EDTA. SOD
was eluted at 46 mM potassium phosphate. Faint blue enzyme was concent-—
rated through the membrane filter as above to 10 ml and applied to a
Sephadex G-100 column (4 x 87 cm) equilibrated with 10 mM potassium
phosphate, pH 7.8, and 0.1 M KC1. The enzyme was eluted with the same
buffer as a symmetrical peak. o

The enzyme was concentrate¢ through an Amicon YM 5 membrane instead
of PM 10, because a portion of SOD was leaked in the filtrate through a
PM 10 membrane. During the concentration, the buffer was changed to 5 mM
potassium phosphate, pH 7.8. The concentrated enzyme was adsorbed onto
a column of DEAE-Sephacel (1.5 x 10 cm) equilibrated with 5 mM potassium
phosphate, pH 7.8, and then eluted with a linear gradient of potassium
phosphate, pH 7.8 (5 to 60 mM, 500 ml). The énzyme was eluted at 33 mM
potassium phosphate and most of brown components reméined on the top of

" the gel.

Table I

Summary of the Purification of Cu,Zn-S0D form Equisetum arvense

Total  Total')  Specific

protein activity  activity Vield Purification

Purification step

(mg) (units) (units/mg protein) (%) (-fold)

Crude extract 240,000 89 x 104 3.7 100 1
45 - 90% (NH,),S0, 14,840 62 - 42 70 1
Stepwise DEAE-Sephadex 489 39 792 : 44 214
Linear gradient

DEAE.Seshadex 98 27 2755 30 828
Sephadex G-100 s 17 4474 19 1209
DEAE-Sephacel?) 27 15 5591 17 1511
Hydroxyl apatite?) 21 15 7076 17 1904

1) McCord & Fridovich unit
2) A'*  ar 258 nm = 3.80
f cm
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Fig. t. Crystals of Equisetum Cu,Zn-S0D (x 400),

The active fractions were concentrated using an Amicon ¥M 5
membrane and the buffer was changed to 2 mM potassium phosphate, pH 6.8.
The enzyme was applied to a column of hydroxylapatite (Bio—-Gel HTP) (1.5
x 2 cm) equilibrated with 2 mM potassium phosphate, ﬁH 6.8. Blue-green
S0D was not adsorbed to the column but brown components were retained on
the gel. The enzyme was eluted with 2 mM potassium phosphate, pH 6.8.
The purified SOD was dialyzed against 10 mM potassium phosphate, pH 7.8,
and stored at -20°C, or at 4°C after addition of ammonium sulfate to 807
saturation. Table I summarizes the purification of enzyme from 9.8 kg
of horse tail.

Powdered ammonium sﬁlfate was gradually added until turbidity
appeared, and kept at 4°C. After several days, fine crystals in

irregular shape were obtained (Fig. 1).

Puritz

The purified enzyme showed a single protein band which corresponded
to the activity band of SOD on native PAGE (Fig. 2, left panel). The
location of the purified enzyme in the gel was identical with the
activity band of cell extract, indicating no modification of the enzyme
during purification (Fig. 2, right panel). SDS-PAGE in the presence or

absence of 2-mercaptoethanol, and isoelectric focusing in Ampholine-
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Fig. 2. Native polyacrylamide gel electrophoresis of Equisetum
Cu,Zn-SOD. (Left panel): Purified Equisetum Cu,Zn-S0D (40 pg).
Protein was stained with Coomassie Brilliant Blue R-250. (Right panel):
1, cell extract (3 units); 2, purified Equisetum Cu,Zn-SOD (1 unit) (A);
stained in the presence of 2 mM KCN (B); stained after the treatment

with 3 mM H202. Achromatic band shows the SOD activity. Top, anodej;

bottom, cathode.

polyacrylamide gel also gave a single band (data not shown). The purity
of the enzyme was also confirmed by sedimentation pattern in ultra-

centrifugation (Fig. 4).

Isozymes
The SOD activity in the buffer extract of Equisetum was inhibited
by 91 7% with 1 mM cyanide, indicating that most SOD activity was

responsible to the Cu,Zn-SOD, and minor cyanide-insensitive activity
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might be derived froﬁ the Mn-SOD or Fe-S0D. Native PAGE revealed four
SOD activity bands in the extract (Fig. 2, right panel). Major band
(lowermost one) corresponded to the purified enzyme. The major band and
the middle two bands were not found when 1 wM cyanide was added in the
staining solution, but the minor band (uppermost one) was not affected.
The uppermost band was not inactivated by 3 mM H202. The Fe-SOD is
sensitive to H,0, while the Mn-SOD in not (12, see Chapter XIII)}. Thus,
the lowermost and middle two bands correspond to the Cu,Zn-S0D, and the
uppermost band to Mn-SOD. Iscelectric focusing of the extract of
Equisetum showed four activity bands at pIs of 4.6, 5.1, 5.4 and 6.7,
and the major band (pI=4.6) was coincided with the purified Cu,Zn-SOD
(data not shown). The minor band (pI=6.7) was characterized to be Mn-
80D from its resistance against cyanide and the treatment with H202.
Thus, Equisetum contains three Cu,Zn-S0D isczymes and Mn—-SOD in a

soluble form.

Molecular weight

The molecular weight of the purified enzyme Was:determined to be
32,400 by gel filtration using Sephadex G-100 equilibrated with 10 mM
potassium phosphate, pH 7.8, and 0.1 M KCl, and calibrated with bovine
serum albumin, ovalbumin, o-chymotrypsinogen, and cytochrome ¢. The
molcular weight of the enzyme was also deterﬁined by the sedimentation
equilibrium in 5 mM potassium phosphate, pH 7.8, and G.1 M KCl according
to Yphantis (13). Analytical ultracentrifugation operated at 28,453 rpm
gave a linear line in the plot of log(fringe displacement) vs. square of
the distance from the center of rotation (Fig. 4). The slope (0.662)
and a partial specific volume (0.730) of the enzyme calculated from the
amino acid composition (Table II) by the method of Cohn and Edsall (14)

gave a molecular weight of 31,100.

Subunit structure

The subunit molecular weight of the enzyme was estimated by SDS-

PAGE using 157 gel. When the enzyme was incubated-ip the presence or
absence of 1% 2-mercaptoethanol with 1Z SDS for 1 hour at 60°C, the

electrophoresis showed two bands corresponding to molecular weights of
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Fig. 3. Absorption spectra of Equisetum Cu,Zn~S0D. The enzyme
concentration was 2.48 (4) and 7.45 mg/ml (B) in 10 mM potassium
phosphate, pH 7.8. Light path was 1 cm. The spectra were recorded
‘at 25°C. l ;
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Flg. 4. Sedimentation equilibrium of Egulsetum Cu, n-SOD. The purified
enzyme (0.83 mg/ml) in 5 mM potaseium phosphate, pH 7.8, and 0.1 M potasaium
¢hloride was equilibrated at a rotor speed of 28,453 rpm at 20°C. €, Pringe

displacement; r, distance from the center -oF rotation,
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32,000-33,000 and 17,000-20,000. When the enzyme was denatured at 100°C
for 3 min, a single band was found corresponding‘to a molecular weight
of 20,000 and 18,000 in the presence and absence of 2-mercaptoethanol,
respectively. Higher subunit molecular weight in the presence of 2-
mercaptoethanol has been observed for Cu,Zn-S0D (15). Thus, the
Equisetum Cu,Zn-S50D is a homodimer and the subunits are not coﬁalently

linked through disulfide bridge.

Absorption spectrum

Fig. 3 shows the absorption épectrum of the Equisetum enzyme. In
ultraviolet region the enzyme exhibits absorption peaks at 252, 258 and
264 nm due to phenylalanine residues. The spectrum shows little
absorption in a region of 280 and 290 nm, indicating the absence of
tyrosine and tryptophan residues as confirmed by amino acid composition
(Table II). The molar absorbance coefficient at 258 nm was 11,800 M_1cm'_1
and its Alzcm was 3.80, based on a molecular weight of 31,100 of Cu,Zn—
SOD. The spectrum in visible region shows a peak at 680 nm, which is
characteristic of the Cu-chromophore of Cu,Zn~SOD due to d-d transition

" (16). The molar absorbance coefficient at 680 nm was 317 M~1cm*1.

Metal analysis

The enzyme was dialyzed against 5 mM Tris-HCLl, pH 7.8, for three
days with several changes of the buffer and its metal contents were
determined. The enzyme contained 2.00 g-atoms of Cu and 1.95 g-atoms of
Zn per mol of enzyme. TFe and Mn were not detected or lower than the
limit of detection. Thus, Equisetum SOD contains one -atom of each Cu

and Zn per subunit.

Amino acid composition

Table TI shows the amino acid composition of Equisetum Cu,Zn—-SOD
with that of spinach Cu,Zn-50D for comparison. The Equisetum enzyme
lacked tyrosine, and no tryptophan was detected by the method of
Edelhoch (17) as expected by the absorption spectrum (Fig. 3). The
Equisetum enzyme had higher contents.of serine, isoleucine and phenyl-

alanine, and lower contents of aspartic acid, threonine, and valine than
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Table II
" Amino Acid Composition of Equisetum Cu,Zn—-S0D

Equisetum Cu,Zn-SODa'b)Spinach Cu,Zn-SODg)

Residues/ Nearest Stromal <Cytosolic

Amino acid

mol integer
Aspartic acid 31,01 31 k1] 35
Threonine® 19,89 20 32 26
Serine®) 16.53 17 10 20
Glutamic acid 26.07 26 22 19
* Proline 20.42 20 18 17
Glycine 47.81 48 46 . 60
Alaniné 24,43 24 2 20
Half-cystine®  4.16 4 4 4
Valine® 26.40 26 36 30
Hethionined) 1.54 2 2 2
Isoleucine®’ " 12.85 13 8 13
Leucine 24,40 24 24 19
Tyrosine 0 ] o
Phenylalanine 10.76 . 11 6
Lysine 14.96 15 - 14
Histidine 16.29 16 16 16
Arginine 6.95 7 8
Tryptophanf) 0 0 0

Total residues - 304 308 306

a) The enzyme was hydrolyzed in 6 M HCl for 24, 48, and 72 hours
in duplicate

b) Based on a molecular weight of 31,100.

c) Determined by linear extrapolation te zero time.

d) Determined as methionine sulfone and cysteic acid after performic
acid oxidation.

e} Determined from 72-hydrolysis values.

£) Determined spectrophotométrically according to Edelhoch {(i7).

g) See Chapter V.

that of the spinmach enzyme. Two half-cystine residues were contained in
subunit and would form an intramolecular disulfide bridge, because Cu,Zn-
SOD isolated so far has a disulfide bond (18).

Aming acid composition of the Equisetum Cu,Zn-SOD was compared with
those of animal, fungi and plant enzymes to estimate the sequence

homology by SAQ values, The SAQ is a statistical anmalysis of amino acid
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Table III
Comparison of SAQ Values of Cu,Zn-5S0D from Equisetum, Angiosperms,

Fungi, and Animals

A B © M (E) (F) @)
(A) Horsetail -

(B) Wheat ©(23) 33 -
(C) Spinach (22) 33 29 -
(D) Yeast (26) 36 70 60 ~

(E) Neurospora {27) 49 52 34 41 -

(F) prosophila (2B) 34 60 64 2t 44 =~

(G) Bovine (29) 34 45 47 31 30 17 -
(H) Human (30) 35 77 70 28 53 10 14

54Q value was calculated from the amino acid composition of Cu,Zn-SOD

using the following equation (19):
2
SAQ = X, .~ .
Q ;;1( i,] xk,J)’

where the subscripts i and k indicate the enzymes which were compared
and Xj is the mole percent content of a given amino acid of tipe j.

In the present calculation 18 amino acid residues were used.

Numbers in the parentheses refer to references from which data were

taken,

composition and defined as the sums of the squares of the difference
between the mol percent content of individual amino acid residue in the
two proteins compared (19). Table III is a matrix of SAQ values
obtained form the pairwise comparision. The SAQ values between animal
enzymes and between angiosperm enzymes were 10-33, suggesting that the
enzymes from animals or angiosperms are closely related in the sequence.
However, the SAQ values of the enzymes between animals and angiosperms
were higher than those within each group, reflecting the evolutional
distance between them. To the contrary, the SAQ values of the Cu,Zn-S0D
between Equisetum and angiosperms, fungi .or animals were similar. This
may be a reflection that Equisetum had appeared earlier than animals and

angiosperms.

Isoelectric point

pI of the purified Equisetum enzyme was determ&ned-to be 4.55 by
isoelectric focusing. Isoelectric focusing .of the extract of Equisetum
followed by activity staining revealed pI of 5.2 for the minor Cu, Zn~SOD
isozyme and 6.7 for the Mn-S0D in addition to pI of 4.6 for the the

major Cu,Zn~S0D isozyme.
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Fig. 5. Circular dichroism spectra of Equisetum Cu,Zn~SOD. The
concentration of Equisetum enzyme in 10 mM potassium phosphate, pH 7.8,
and light path were 0.248 mg/ml, 1 mm (A); 2.48 mg/ml, ! mm (B); and

----2,48 mg/ml, 10 mm (C), respectively. The spectra were recorded at 25°C.

Circular dichroism spectra

CD gpectrum of Eguisetum SOD shows a negative band at 208 nm but no
double minimum which is characteristic of a-helix conformation (Fig. 5).
The mean residue ellipticity, [e]R, at 208 nm was -5,880-deg-cm2 dmol-1.
The spectrum resembled that of bovine Cu,Zn-SOD for which the three-
dimentional structure has been determined (20). Spinach Cu,Zn—SOD
isozymes also show the same spectra (Chapter V). Thus, plant Cu,Zn-SOD
are supposed to have R-barrel structure as the bovine enzyme. A
positive band at 260 nm could be seen but that around 290 nm not, in
agreement with absence of tyrosine and tryptophan (Table II).

The spectrum in visible region of Equisetum SOD resembled that of
the bovine enzyme: positive bands at 350, 450, and 600 nm, and a
negative band at 750 nm (Fig. S)L The molar ellipticity, [e]M, at 600 nm
was 4,770 deg-cmz.dmolﬂ1. The spectrum suggests that the Equisetum
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Cu, Zn—SOD has the similar geametry around Cu site as that of the bovine

enzyme.

Effect of 2,3~buthanediocne

It has been shown that arginine-141 of the bovine Cu,Zn-S0D plays
an important rele in the catalysis through the attraction of anionic
superoxide radical to the Cu site (21). I conducted the chemical

modification of arginine residue(s) of the Equisetum enzyme with 2,3-

buthanedione.
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Fig. 6, Effects of 2,3-buthanedione on Equisetum Cu,Zn-30D (a),
spinach Cu,Zn~S0D (B), Azotobacter Fe~S0D (C) and Porphyra Mn-50D (D).
sop (1.1-1.3 pM) were incubated with 0.41 ml of 30 mM 2,3-buthanedione
in 50 oM borate buffer, pH 9.0, at 25°C. The remaining activity was
measured at indicated time periods using an aliquot (10 pl) of the
incubation mixture in the xanthine-xanthine oxidase-cytochrome ¢
system. The assay mixture of 50D contained 0.) mM mannitol to trap
borate which inhibits xanthine oxidase, and the borate and 2,3-buthane-
dione contained in the treated enzyme did not interfere the assay. SOD
wes measured within 30 sec after adding the treated enzyme to the assay
mixture, and the restoration of the activity was negligible small.
After 30-min incubation with 2,3-buthanedione, an aliquot of the treated
enzyme was diluted by the assay mix<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>